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BOOK X. 


INTRODUCTORY NOTE. 

We have seen (Vol. i., p. 351 etc.) that the discovery of the irrational is 
due to the Pythagoreans. The first scholium on Book x. of the Elements 
states that the Pythagoreans were the first to address themselves to the in- 
vestigation of commensurability, having discovered it by means of their obser- 
vation of numbers. They discovered, the scholium continues, that not all 
magnitudes have a common measure. “They called all magnitudes measure- 
able by the same measure commensurable, but those which are not subject to 
the same measure incommensurable, and again such of these as are measured 
by some other common measure commensurable with one another, and such 
as are not, incommensurable with the others. And thus by assuming their 
measures they referred everything to different commensurabilities, but, though 
they were different, even so (they proved that) not all magnitudes are com- 
mensurable with any. (They showed that) all magnitudes can be rational 
(pT/ra) and all irrational (aAoya) in a relative sense (w? Trpos rC)\ hence the 
commensurable and the incommensurable would be for them natural (kinds) 
((^vo-ct), while the rational and irrational would rest on assumption or con- 
vention {Oi<T€Ly^ The scholium quotes further the legend according to which 
“the first of the Pythagoreans who made public the investigation of these 
matters perished in a shipwreck,” conjecturing that the authors of this story 
“perhaps spoke allegorically, hinting that everything irrational and formless 
is properly concealed, and, if any soul should rashly invade this region of life 
and lay it open, it would be carried away into the sea of becoming and be over- 
whelmed by its unresting currents.” There would be a reason also for keeping 
the discovery of irrationals secret for the time in the fact that it rendered un- 
stable so much of the groundwork of geometry as the Pythagoreans had based 
upon the imperfect theory of proportions which applied only to numbers. We 
have already, after Tannery, referred to the probability that the discovery 
of incommensurability must have necessitated a great recasting of the whole 
fabric of elementary geometry, pending the discovery of the general theory 
of proportion applicable to incommensurable as well as to commensurable 
magnitudes. 

It seems certain that it was with reference to the length of the diagonal of 
a square or the hypotenuse of an isosceles right-angled triangle that the irra- 
tional was discovered. Plato {Theaetetus, 1470) tells us that Theodorus of 
Cyrene wrote about square roots proving that the square roots of 
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three square feet and five square feet are not commensurable with that of one 
square foot, and so on, selecting each such square root up to that of 1 7 square 
feet, at which for some reason he stopped. No mention is here made of ^2, 
doubtless for the reason that its incommensurability had been proved before. 
Now we are told that Pythagoras invented a formula for finding right-angled 
triangles in rational numbers, and in connexion with this it was inevitable that 
the Pythagoreans should investigate the relations between sides and hypo- 
tenuse in other right-angled triangles. They would naturally give special 
attention to the isosceles right-angled triangle ; they would try to measure the 
diagonal, would arrive at successive approximations, in rational fractions, to 
the value of ^2, and would find that successive efforts to obtain an exact 
expression for it failed. It was however an enormous step to conclude that 
such exact expression was impossible^ and it was this step which the Pytha- 
goreans made. We now know that the formation of the side- and diagonal^ 
numbers explained by Theon of Smyrna and others was Pythagorean, and 
also that the theorems of Eucl. ii. 9, 10 were used by the Pythagoreans in 
direct connexion with this method of approximating to the value of y 2. The 
very method by which Euclid proves these propositions is itself“an indication 
of their connexion with the investigation of J 2, since he uses a figure made 
up of two isosceles right-angled triangles. 

The actual method by which the Pythagoreans proved the incommensura- 
bility of ^2 with unity was no doubt that referred to hy {Anal, prior, 

I. 23, 41a 26 — 7), a reductio ad absurdum by which it is proved that, if the 
diagonal is commensurable with the side, it will follow that the same number 
is both odd and even. The proof formerly*appeared in the texts of Euclid as 
X. 1 1 7, but it is undoubtedly an interpolation, and August and Heiberg 
accordingly relegate it to an Appendix. It is in substance as follows. 

Suppose AC/the diagonal of a square, to be commen- 
surable with JB, its side. Let a : /3 be their ratio expressed 
in the smallest numbers. 

Then a> and therefore necessarily > i. 

Now 

and, since AC^ = 2AB^, [Eucl. i. 47] 

= 2^. 

Therefore a* is even, and therefore a is even. 

Since a : is in its lowest terms, it follows that must be odd. 

Put a = 2y ; 

therefore 47^ = 2^, 

or 2y\ 

so that 13 ^, and therefore jS, must be e 7 ^en. 

But ft was also odd : 
which is impossible. 

This proof only enables us to prove the incommensurability of the 
diagonal of a square with its side, or of J2 with unity. In order to prove 
the incommensurability of the sides of squares, one of which has three times 
the area of another, an entirely different procedure is necessary ; and we find 
in fact that, even a century after Pythagoras^ time, it was still necessary to use 
separate proofs (as the passage of the Theaetetus shows that Theodorus did) 
to establish the incommensurability with unity of >^3, ... up to yiy. 
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This fact indicates clearly that the general theorem in Eucl. x. 9 that squares 
which have not to one another the ratio of a square number to a square number 
have their sides incommensurable in length was not arrived at all at once, but 
was, in the manner of the time, developed out of the separate consideration 
of special cases (Hankel, p. 103). 

The proposition x. 9 of Euclid is definitely ascribed by the scholiast to 
Theaetetus. Theaetetus was a pupil of Theodoras, and it would seem clear 
that the theorem was not known to Theodoras. Moreover the Platonic 
passage itself {Theaet 1470 sqq.) represents the young Theaetetus as striving 
after a general conception of what we call a surd, “ The idea occurred to 
me, seeing that square roots ( 8 wd/iei^) appeared to be unlimited in multitude, 
to try to arrive at one collective term by which we could designate all these 
square roots. ...I divided number in general into two classes. The number 
which can be expressed as equal multiplied by equal (icoy urdKi^) I likened 
to a square in form, and I called it square and equilateral — The intermediate 
number, such as three, five, and any number which cannot be expressed as 
equal multiplied by equal, but is either less times more or more times less, so 
that it is always contained by a greater and less side, I likened to an oblong 
figure and called an oblong numl^r. ...Such straight lines then as square the 
equilateral and plane number I defined as length and such as square 

the oblong square roots (8vvdfi€L^\ as not being commensurable with the 
others in length but only in the plane areas to which their squares are 
equal. ” 

There is further evidence of the contributions of Theaetetus to the theory 
of incommensurables in a commentary on Eucl. x. discovered, in an Arabic 
translation, by Wdepcke {^Memoires prisentes h 1 * Academic des Sciences, xiv,, 
1856, pp. 658 — 720). It is certain that this commentary is of Greek origin. 
Woepcke conjectures that it was by Vettius Valens, an astronomer, apparently 
of Antioch, and a contemporary of Claudius Ptolemy (2nd cent. a.d.). 
Heiberg, with greater probability, thinks that we have here a fragment of the 
commentary of Pappus {Euklid-studien, pp. 169 — 71), and this is rendered 
practically certain by Suter i^Die Mathematiker und Astronotnen der Araber 
und ihre Werke, pp. 49 and 211). This commentary states that the theory 
of irrational magnitudes “ had its origin in the school of Pythagoras. It was 
considerably developed by Theaetetus the Athenian, who gave proof, in this 
part of mathematics, as in others, of ability which has been justly admired. 
He was one of the most happily endowed of men, and gave himself up, with a 
fine enthusiasm, to the investigation of the truths contained in these sciences, 
as Plato bears witness for him in the work which he called after his name. As 
for the exact distinctions of the above-named magnitudes and the rigorous 
demonstrations of the propositions to which this theory gives rise, I believe 
that they were chiefly established by this mathematician; and, later, the 
great Apollonius, whose genius touched the highest point of excellence in 
mathematics, added to these discoveries a number X)f remarkable theories 
after many efforts and much labour. 

“ For Theaetetus had distinguished square roots [puissances must be the 
8 vydfjL€i<: of the Platonic passage] commensurable in length from those which 
are incommensurable, and had divided the well-known species of irrational 
lines after the different means, assigning the medial to geometry, the binomial 
to arithmetic, and the apotome to harmony, as is stated by Eudemus the 
Peripatetic. 

“ As for Euclid, he set himself to give rigorous rules, which he established, 

I — 2 
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relative to commensurability and incommensurability in general; he made 
precise the definitions and the distinctions between rational and irrational 
magnitudes, he set out a great number of orders of irrational magnitudes, and 
finally he clearly showed their whole extent/* 

The allusion in the last words must apparently be to x. 115, w^here it is 
proved that from the medial straight line an unlimited number of other 
irrationals can be derived, all different from it and from one another. 

'Fhe connexion between the medial straight line and the geometric mean 
is obvious, because it is in fact the mean proportional between two rational 
straight lines “commensurable in square only.” Since -fjv) is the arithmetic 
mean between x, y, the reference to it of the binornial can be understood. 
The connexion between the apotome and the harmonic mean is explained by 
some propositions in the second book of the Arabic commentary. The 


harmonic mean between y is , and propositions of which Woepcke 

quotes the enunciations prove that, if a rational or a medial area has for one 
of its sides a binomial straight line, the other side will be an apotome of corre- 
sponding order (these propositions are generalised from Eucl. x. in — 4); the 


fact is that 

x^y x^-y^ 

One other predecessor of Euclid appears to have written on irrationals, 
though we know no more of the work than its title as handed down by 
Diogenes Laertius ^ According to this tradition, Democritus wrote ^rcpt 
dAoyoji/ Kal vaa-rwv ttvo Books on irrational straight lines aiid 

solids (or atoms), Hultsch {Neue Jahrbiicher fiir Bhilologie und Fadagogik^ 
1881, pp. 578 — 9) conjectures that the true reading may be Trcpt dAdywv 
ypafifxwy KAacTTwv, “on irrational broken lines.” Hultsch seems to have 
in mind straight lines divided into two parts one of which is rational 
and the other irrational (“ Aus einer Art von Umkehr des Pythagoreischen 
Lehrsatzes iiber das rechtwinklige Dreieck gieng zunachst mit Leichtigkeit 
hervor, dass man eine Linie construiren konne, welche als irrational zu 
bezeichnen ist, aber durch Brechung sich darstellen' lasst als die Summe 
einer rationalen und einer irrationalen Linie**). But I doubt the use of KAacrros 
in the sense of breaking one straight line into parts ; it should properly mean 
a bent line, i.e. two straight lines forming an angle or broken short off at their 
point of meeting. It is also to be observed that vaordv is quoted as a 
Democritean word (opposite to kcvov) in a fragment of Aristotle (202). I see 
therefore no reason for questioning the correctness of the title of Democritus* 
book as above quoted ^ 

I will here quote a valuable remark of Zeuthen’s relating to the classifi- 
cation of irrationals. He says {Geschichte der Mathematik im Altertum und 
Mittelalter, p. 56) “Since such roots of equations of the second degree as are 
incommensurable with the given magnitudes cannot be expressed by means 
of the latter and of numbers, it is conceivable that the Greeks, iri exact 
investigations, introduced no approximate values but worked on with tiie 
magnitudes they had found, which were represented by straight lines obtained 
by the construction corresponding to the solution of the equation. That is 
exactly the same thing which happens when we do not evaluate roots but content 
ourselves with expressing them by radical signs and other algebraical symbols. 
But, inasmuch as one straight line looks like another, the Greeks did not get 


' Diog. Laert. ix. 47, p. 139 (ed. Cobet). 
Cf. ante^ Vol. i., p, 413. 
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the same clear view of what they denoted (i.e. by simple inspection) as our 
system of symbols assures to us. For this reason it was necessary to under- 
take a classification of the irrational magnitudes which had been arrived at by 
successive solution of equations of the second degree.^’ To much the same 
effect Tannery wrote in 1882 {De la solution geometrique des probVemes du 
second degre avant Euclide in Metnoires de la SociSte des sciences physiques et 
naturelles de Bordeaux^ 2® Serie, iv. pp. 395 — 416). Accordingly Book x. 
formed a repository of results to which could be referred problems which 
depended on the solution of certain types of equations, quadratic and biquad- 
ratic but reducible to quadratics. 

Consider the quadratic equations 


+ 2ax • p± . p^ = o, 


where p is a rational straight line, and a, /S are coefficients. Our quadratic 
equations in algebra leave out the p ; but I put it in, because it has always to 
be remembered that Euclid’s x is a straight line^ not an algebraical quantity, 
and is therefore to be found in terms ofi or in relation to, a certain assumed 
rational straight Itne^ and also because with Euclid p may be not only of the 


form a, where a represents a units of length, but also of the form 

which represents a length “commensurable in square only” with the unit of 
kngth, or where represents a number (not square) of units of area. 
The use therefore of p in our equations makes it unnecessary to multiply 
different cases according to the relation of p to the unit of length, and has the 
further advantage that, e.g., the expression ptjh.pk just as general as the 
expression Jh . p ± JX. . p^ since p covers the form Jh.p, both expressions 
covering a length either commensurable in length, or ‘‘ commensurable in 
square only,” with the unit of length. 

Now the positive roots of the quadratic equations 


X^ + 2aJX • P ± = o 

can only have the following forms 

x^=^p(a^rsl a* -y 3 ), = p (a - v/a^ - | 

.Tg - p{fsja^ p a\ x^ - p{sjd^ ■¥ p -a) ) 

The negative roots do not come in, since x must be a straight line. The 
omission however to bring in negative roots constitutes no loss of generality, 
since the Greeks would write the equation leading to negative roots in another 
form so as to make them positive, i.e. they would change the sign of x in the 
equation. 

Now the positive roots x^, .r/, x^ may be classified according to the 
character of the coefficents a, p and their relation to one another. 


I. Suppose that a, p do not contain any surds, i.e. are either integers or 
of the form m\n^ where /«, n are integers. 

Now in the expressions for Xi^ x{ it may be that 

( I ) is of the form ^ a^. 

E uclid e xpresses this by saying that the square on ap exceeds the square 
on pJa^ — P by the square on a straight line commensurable in length with ap. 
In this case x^ is, in Euclid’s terminology, a first binomial straight line, 
and a first apotome. 
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(2) In general, p not being of the form 

is a fourth binomial^ 
x( a fourth apotome. 


Next, in the expressions for x^^ xf it may be that 

trP • • 

(i) ^ is equal to {a? + p)^ where nty n are integers, i.e. P is of the form 


Euclid expresses this by saying that the square on + p exceeds the 
square on ap by the square on a straight line commensurable in length with 
p\/a* -f p. 

In this case x^ is, in Euclid^s terminology, a second binomial, 

X2 a second apotome, 

(2) In general, p not being of the form 


JTa is a fifth binomial, 

X2 a fifth apotome, 

II. Now suppose that a is of the form 

let us denote it by 
Then in this case 



where m, n are integers, and 


•^1 = P (\/A + Vx - P), Xi =p{JX- ^\-p), 

~ P {s/X + ^ 4 - fX)y X2 p {•JX + P — fX), 

Thus Xi , Xi are of the same form as x^, x^^ 

If fX-P'mXi, Xi is not surd but of the form mjn, and if sjx + p’m x^, 
is not surd but of the form mjn, the roots are comprised among the forms 
already shown, the first, second, fourth and fifth binomials and apotomes. 

If sJX- pin Xi, Xi is surd, then 

(i) we may have P of the form -^X, and in this case 


x^ is a third binomial straight line, 
x^ a third apotome \ 

(2) in general, p not being of the form ^A, 

x^ is a sixth binomial straight line, 
a sixth apotome. 

With the expressions for x^, x^ the distinction between the third and sixth 
binomials and apotomes is of course the distinction between the cases 

(i) in which p {X p), ox p is of the form -z = A, 

and (2) in which p is not of this form. 

If we take the square root of the product of p and each of the six 
binomials and six apotomes just classified, i.e. 

p“(®± p^{*Ja^ + P±o), 
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in the six different forms that each may take, we find six new irrationals with 
a positive sign separating the two terms, and six corresponding irrationals with 
a negative sign. These are of course roots of the equations 

X* + 2ax'^ • p* ± = o. 

These irrationals really come before the others in Euclid’s order (x. 36 — 
41 for the positive sign and x. 73 — 78 for the negative sign). As we shall 
see in due course, the straight lines actually found by Euclid are 

1. p± Jk , p, the binomial (7 Ik 8uo 

and the apotome (aTroro/Ai;), 

which are the positive roots of the biquadratic (reducible to a quadratic) 

X* - ^ k) . 3^ ^r - Kf = 

2. k^p + l^p, the first bimedial {Ik 8vo piau>v Ttpum)) 

and the first apotome of a medial airoropdj vpiaTrf)^ 

which are the positive roots of 

X*- 2jk (i + k) p^ , x^ + k{i - kf p*‘ = o. 

3. ^^P ± ~T second bimedial (Ik Svo pltruiv Stvrlpa) 

~~ It 

and the second apotome of a medial (p€<rrj^ diroTop.rj Scvripa), 
which are the positive roots of the equation 

b + \ , (k-\y 


x^ 


P 

^2 


y 




■ o. 


k 

I + : 


n/2 




the major (irrational straight line) (pctfwv) 
and the minor (irrational straight line) (€A.do-(ra)>'), 


which are the positive roots of the equation 

, X" + 


X^ - 2 ^ . 




-7-“’--T:;-:N/N/i+/f^ + /i± 
^2 (l + k^) 




- V2 (l +/t*) 

the side of a rational plus a medial (area) {prjToy Kal p.i(Tov Svya/xcVi/) 
and the “ side '' of a medial minus a rational area (in the Greek 1/ pcrd prjrov 
p^iorov TO o\oy Troiovaa), 

which are the positive roots of the equation 

2 


'X*- 


6 . 




Ji +IP 


= p^ 

•1 * 1 


y 


I + 


(i + /py 

"TT ^ /' 

* y* V ’ 


p* = 0 , 


y I + ’ 

the side of the sum of Hvo medial areas (fj Suo /accra hwapivt}) 
and the “ side of a medial minus a medial area (in the Greek t\ ftcrd /acVov 
pifTov TO oA.oi' ‘jTOioiJo’a), 

which are the positive roots of the equation 

X*-2j\. X‘p'‘ + X ^ p* = 0. 
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The above facts and formulae admit of being stated in a great variety of 
ways according to the notation and the particular letters used. Consequently 
the summaries which have been given of Eucl. x. by various writers differ 
much in appearance while expressing the same thing in substance. The first 
summary in algebraical form (and a very elaborate one) seems to have been 
that of Cossali {Origine^ trasporto in Italia^ primi progressi in essa del- 
f Algebra^ Vol. ii., pp. 242 — 65) who takes credit accordingly (p. 265). In 
1794 Meier Hirsch published at Berlin an Algebraischer Commentar iiber das 
zehente Buck der Elemente des Euklides which gives the contents in algebraical 
form but fails to give any indication of Euclid’s methods, using modern forms 
of proof only. In 1834 Poselger wrote a paper, Ueber das zehnte Buck der 
Elemente des Euklides^ in which he pointed out the defects of Hirsch’s repro- 
duction and gave a summary of his own, which however, though nearer to 
Euclid’s form, is difficult to follow in consequence of an elaborate system of 
abbreviations, and is open to the objection that it is not algebraical enough 
to enable the character of Euclid’s irrationals to be seen at a glance. Other 
summaries will be found (i) in Nesselmann, Die Algebra der Griechen^ 
pp. 1 5^ — 84- (2) in Loria, Le scienze esatte nelV antica Grecia^ 
pp. 221 — 34; (3) in Christensen’s article ‘‘Ueber Gleichungen vierten Grades 
im zehnten Buch der Elemente Euklids ” in the Zeitschrift fiir Math, u, 
Physik {Hisiorisch-litterarische Ahtheilung), xxxiv. (1889), pp. ^oi — 17. The 
only summary in English that I know is that in the Penny Cyclopaedia^ under 
“Irrational quantity,” by De Morgan, who yielded to none in his admiration of 
Book X. “Euclid investigates,” says De Morgan, “ every possible variety of 
lines which can be represented by ± Jb), a and b representing two 

commensurable lines. ...This book has a completeness which none of the 
others (not even the fifth) can boast of : and we could almost suspect that 
Euclid, having arranged his materials in his own mind, and having completely 
elaborated the loth Book, wrote the preceding books after it and did not live 
to revise them thoroughly.” 

Much attention was given to Book x. by the early algebraists. Thus 
Leonardo of Pisa (fl. about 1200A.D.) wrote in the 14th section of his Liber 
Abaci on the theory of irrationalities {de tractatu bmomiorum et recisorum), 
without however (except in treating of irrational trinomials and cubic irra- 
tionalities) adding much to the substance of Book x. ; and, in investigating 
the equation 

10^ - 20, 

propounded by Johannes of Palermo, he proved that none of the irrationals 
in Eucl. X, would satisfy it (Hankel, pp. 344 — 6, Cantor, iii, p. 43). Luca 
Paciuolo (about 1445 — 1514 a.d.) in his algebra based himself largely, as he 
himself expressly says, on Euclid x. (Cantor, iii, p. 293). Michael Stifel 
(i486 or 1487 to 1567) wrote on irrational numbers in the second Book of 
his Arithmetica integra^ which Book may be regarded, says Cantor (iij, p. 402), 
as an elucidation of Eucl. x. The works of Cardano (1501 — 76) abound in 
speculations regarding the irrationals of Euclid, as may be seen by reference to 
Cossali (Vol. II., especially pp. 268 — 78 and 382 — 99); the character of 
the various odd and even powers of the binomials and apotomes is therein 
investigated, and Cardano considers in detail of what particular forms of equa- 
tions, quadratic, cubic, and biquadratic, each clasa of Euclidean irrationals can 
be roots. Simon Stevin (1548 — 1620) gave an Aippendice des incommensurables 
grandeurs en laquelle est sommairement diclari le contenu du Dixies?ne Livre 
d'Euclide {Oeuvres mathimatiques^ Leyde, 1634, pp. 218-22); he speaks thus 
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of the book : La difficulte du dixiesme Livre d’Euclide est k plusieurs 
devenue en horreur, voire jusque a Tappeler la croix des mathematiciens, 
matiere trop dure k digerer, et en la quelle n’aper^oivent aucune utilite,” a 
passage quoted by Loria (op. d/., p. 222). 

It will naturally be asked, what use did the Greek geometers actually 
make of the theory of irrationals developed at such length in Book x. ? The 
answer is that Euclid himself, in Book xiii., makes considerable use of the 
second portion of Book x. dealing with the irrationals affected with a negative 
sign, the apotomes etc. One object of Book xiii. is to investigate the relation 
of the sides of a pentagon inscribed in a circle and of an icosahedron and 
dodecahedron inscribed in a sphere to the diameter of the circle or sphere 
respectively, supposed rational. The connexion with the regular pentagon of 
a straight line cut in extreme and mean ratio is well known, and Euclid first 
proves (xiii. 6) that, if a rational straight line is so divided, the parts are the 
irrationals called apotomes^ the lesser part being a first apotonie. Then, on 
the assumption that the diameters of a circle and sphere respectively are 
rational, he proves (xiii. ii) that the side of the inscribed regular pentagon is 
the irrational straight line called minor^ as is also the side of the inscribed 
icosahedron (xiii. 16), while the side of the inscribed dodecahedron is the 
irrational called an apotome (xiii. 17). 

Of course the investigation in Book x. would not have been complete if 
it had dealt only with the irrationals affected with a negative sign. Those 
affected with the positive sign, the binomials etc , had also to be discussed, 
and we find both portions of Book x., with its nomenclature, made use of by 
Pappus in two propositions, of which it may be of interest to give th^" enun- 
ciations here. 

If, says Pappus (iv. p. 178), be the rational diameter of a semicircle, and 
if AS be produced to C so that BC is equal to the radius, if CD be a tangent, 



A F Q C 


if E be the middle point of the arc BD., and if CE be Joined, then CE is the 
irrational straight line called minor. As a matter of fact, if p is the radius, 

C^ = pM5- W3) and _ y/ 5r V13 . 

If, again (p. 182), CD be equal to the radius of a semicircle supposed 



rational, and if the tangent DB be drawn and the angle ADB be bisected by 
DF meeting the circumference in then DF is the excess by which the 
binomial exceeds the straight line which produces with a rational area a medial 
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whole (see EucL x. 77). (In the figure DK is the binomial and KFxho, other 
irrational straight line.) As a matter of fact, if p be the radius, 

KD^p. , and KF^ p . = p [J - J • 

Proclus tells us that E^uclid left out, as alien to a selection of elements, the 
discussion of the more complicated irrationals, “the unordered irrationals which 
Apollonius worked out more fully” (Proclus, p. 74, 23), while the scholiast 
to Book X. remarks that Euclid does not deal with all rationals and irrationals 
but only the simplest kinds by the combination of which an infinite number 
of irrationals are obtained, of which Apollonius also gave some. The author 
of the commentary on Book x. found by VVoepcke in an Arabic translation, 
and above alluded to, also says that “it was Apollonius who, beside the 
ordered irrational magnitudes, showed the existence of the nnordered and by 
accurate methods set forth a great number of them.” It can only be vaguely 
gathered, from such hints as the commentator proceeds to give, what the 
character of the extension of the subject given by Apollonius may have been. 
See note at end of Book. 


DEFINITIONS. 

1. Those magnitudes are said to be commensurable 
which are measured by the same measure, and those incom- 
mensurable which cannot have any common measure. 

2. Straight lines are commensurable in square when 
the squares on them are measured by the same area, and 
incommensurable in square when the squares on them 
cannot possibly have any area as a common measure. 

3. With these hypotheses, it is proved that there exist 
straight lines infinite in multitude which are commensurable 
and incommensurable respectively, some in length only, and 
others in square also, with an assigned straight line. Let 
then the assigned straight line be called rational, and those 
straight lines which are commensurable with it, whether in 
length and in square or in square only, rational, but those 
which are incommensurable with it irrational. 

4. And let the square on the assigned straight line be 
called rational and those areas which are commensurable 
with it rational, but those which are incommensurable with 
it irrational, and the straight lines which produce them 
irrational, that is, in case the areas are squares, the sides 
themselves, but in case they are any other rectilineal figures, 
the straight lines on which are’ described squares equal to 
them. 
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Definition i. 

fx^ylOri Xcycrai ra rw aurw picVpat p,cTpou/A€va, d<rvp./i,cTpa 8c, &V 
firjSkv ivSix^erai koivov fiirpov y€v4(r0ai 


Definition 2. 

E^ctai SvydjuLCt a’vp.fif.rpoi cto’ti', orav rd dw* avrwv Ttrpdyfova avrw X^P^H* 
p.€TprjTaLy d(rvppL€Tpoi 8c, oral' rots dir avrcoK Tcrpaywi/ots p.rj8€V ci'8c;(i7rai ;(CDptW 
Kotvoi/ pirpov yci/ccr^at. 

Commensurable in square is in the Greek hvvdpti vvpptrpos. In earlier 
translations (e.g. Williamson^s) 8i;idpci has been translated “in power,” but, 
as the particular power represented by Uvapt^ in Greek geometry is square^ 
I have thought it best to use the latter word throughout. It will be observed 
that Euclid^s expression commensurable in square only (used in Def. 3 and 
constantly) corresponds to what Plato makes Theaetetus call a square root 
(Svvapii;) in the sense of a surd. If a is any straight line, a and ajm^ or 
ajm and ajn (where ///, n are integers or arithmetical fractions in their 
lowest terms, proper or improper, but not square) are commensurable in square 
only. Of course (as explained in the Porism to x. 10) all straight lines 
commensurable in length {pT^K€i)y in Euclid’s phrase, are commensurable in 
square also ; but not all straight lines which are commensurable in square are 
commensurable in length as well. On the other hand, straight lines incom- 
mensurable in square are necessarily incommensurable in length also ; but not 
all straight lines which are incommensurable in length are incommensurable 
in square. In fact, straight lines which are commensurable in square only are 
incommensurable in lengthy but obviously not incommensurable in square. 


Definition 3. 

Tovnav v7roK€ip€Vit}v 8ctKi'VTac, ort r^j irpOTtOucrri €vSuq. vrrdpxov(riv cv^ctai 
irX7jO€L d'jr€ipoL orvpptTpoC tc Kai davpp€Tpoi ai p\v p.7/KCt povov^ ai 8c Ka\ Svvdpti. 
KaXiiarOio ovv ij p\v Trpor€$€Lcra cv^cta prjrtj, xal at ravTrj (rvpp^Tpot ctrc p,i/KCi Kal 
Svvdip€t €LT€ Svpdp€L povov pip*a^ ttt 8c TavTTj d(rvpp€TpoL dXoyol KaXitaOiOiTav. 

The first sentence of the definition is decidedly elliptical. It should, 
strictly speaking, assert that “ with a given straight line there are an infinite 
number of straight lines which are (i) commensurable either {a) in square 
only or (b) in square and in length also, and (2) incommensurable, either 
(a) in length only or (b) in length and in square also.” 

The relativity of the terms rational and irrational is well brought out in 
this definition. We may set out any straight fine and call it rational, and it 
is then with reference to this assumed rational straight line that others are 
called rational or irrational. 

We should carefully note that the signification of rational in Euclid is wider 
than in our terminology. With him, not only is a straight line commensurable in 
length with a rational straight line rational, but a straight line is rational which 
is commensurable with a rational straight line in square only. That is, if p is a 

rational straight line, not only is — p rational, where n are integers and 

n 
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yijn in its lowest terms is not square, but W . p is rational also. We should 


in this case call 






irrational. It would appear that Euclid^s termino- 


logy here differed as much from that of his predecessors as it does from 
ours. We are familiar with the phrase apprjroq hidiJi^Tpo<t Trj<; Trc/ATraSos by 
which Plato (evidently after the Pythagoreans) describes the diagonal of a 
square on a straight line containing 5 units of length. This ‘‘ inexpressible 
diameter of five (squared)’’ means V50, in contrast to the piqrrj Sta/Acrpo?, the 
“ expressible diameter ” of the same square, by which is meant the approxi- 

^ fm 

mation or 7. Thus for Euclid’s predecessors \/ ^ • P would 


apparently not have been rational but appiyro?, “ inexpressible,” i.e. irrational. 

I shall throughout my notes on this Book denote a rational straight line in 
Euclid’s sense by p, and by p and o- when two different rational straight lines are 
required. Wherever then I use p or <r, it must be remembered that p, n may 
have either of the forms where a represents a units of length, a being 

either an integer or of the form m\n^ where /;/, n are both integers, and k is an 
integer or of the form min (where both w, n are integers) but not square. In 
other words, p, (t may have either of the forms a or where A represents 
A units of area and A is integral or of the form mjn^ where n are both 
integers. It has been the habit of writers to give a and Ja as the alternative 
forms of p, but I shall always use JA for the second in order to keep the 
dimensions right, because it must be borne in mind throi^ghout that p is an 
irrational straight line. 

As Euclid extends the signification of rational {prjrdsy literally expressible^ 
so he limits the scope of the term dAoyos (literally having no ratio) as applied 
to straight lines. That this limitation was started by himself may perhaps be 
inferred from the form of words let straight lines incommensurable with it 
be called irrational.” Irrational straight lines then are with Euclid straight lines 
commensurable neither in length nor in square with the assumed rational 
straight line, sl ^ . a where k is not square is not irrational; i]k . a is irrational, 
and so (as we shall see later on) is (V^± 


Definition 4. 

Kat TO p€v arro rijs TrpoTc^ctai;? €vO€ias rcTpctycuvov prjroVj Kal rd tovtw 
(Tvppirpa pyjrdj rd Sk tovtw do'vp/xcTpa dAoya KaActa^o), Kal ai 8vvap>fvaL avra 
dXoyotf el pev rerpayiava elrj, avral at wdevpai, el 8e erepd riva evBvypappa, at 
lira auTots TCTpctywva dvaypaefyovaai. 

As applied to areas, the terms rational and irrational have, on the other 
hand, the same sense with Euclid as we should attach to them. According 
to Euclid, if p is a rational straight line in his sense, p* is rational and any 
area commensurable with it, i.e. of the form kp^ (where k is an integer, or of 
the form ;///«, where m, n are integers), is rational ; but any area of the form 
. p^ is irrational, Euclid’s rational area thus contains A units of area, 
where A is an integer or of the form mjn, where m, n are integers ; and his 
irrational area is of the form ^k, A. His irrational area is then connected 
with his irrational straight line by making the latter the square root of the 
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former. This would give us for the irrational straight line ijk, JA, which of 
course includes i/k.a. 

at Swa/icmt avrd are the straight lines the squares on which are equal to 
the areas, in accordance* with the regular meaning of SvVacr^at. It is scarcely 
possible, in a book written in geometrical language, to translate as 

the square root (of an areal) and Swaa-ffai as to be the square root (of an area)^ 
although I can use the term “square root’' when in my notes I am using an 
algebraical expression to represent an area ; I shall therefore hereafter use the 
word “side” for Swafxlvtf and “to be the side of” for SwaaOai^ so that 
“side” will in such expressions be a short way of expressing the “side of 
a square equal to (an area)l^ In this particular passage it is not quite practi- 
cable to use the words “ side of” or “ straight line the square on which is equal 
to,” for these expressions occur just afterwards for two alternatives which the 
word Svvafiivrj covers. I have therefore exceptionally translated “ the straight 
lines which produce them ” (i.e. if squares are described upon them as sides). 

al t(ra avTois rerpaywya dvaypdifioviraty literally “ the (straight lines) which 
describe squares equal to them ” : a peculiar use of the active of avaypaf^civ, 
the meaning being of course “ the straight lines on which are described the 
squares ” which are equal to the rectilineal figures. 
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Proposition i. 

Two unequal magnitudes being set out, if from the greater 
there be subtracted a magnitude greater than its half and from 
that which is left a magnitude greater than its half, and if 
this process be repeated continually, there will be left some 
magnitude which will be less than the lesser magnitude set out. 

Let AB, C be two unequal magnitudes of which AB is 
the greater: . K h „ o 

I say that, if from AB there be ^ ® 

subtracted a magnitude greater o + g e 

than its half, and from that which 

is left a magnitude greater than its half, and if this process be 
repeated continually, there will be left some magnitude which 
will be less than the magnitude C. 

For C if multiplied will sometime be greater than AB. 

[cf. V. Def. 4] 

Let it be multiplied, and let DE be a multiple of C, and 
greater than. A B ; 

let DE be divided into the parts DE, EG, GE equal to C, 
from AB let there be subtracted BH greater than its half, 
and, from AH^ HK greater than its half, 
and let this process be repeated continually until the divisions 
in AB are equal in multitude with the divisions in DE. 

Let, then, AK, KH, HB be divisions which are equal in 
multitude with DF, EG, GE. 

Now, since DE is greater than AB, 
and from DE there has been subtracted EG less than its 
half, 

and, from AB, BH greater than its half, 

therefore the remainder GD is greater than the remainder HA. 
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And, since GD is greater than HA, 
and there has been subtracted, from GD, the half GF, 
and, from HA, HK greater than its half, 
therefore the remainder DF\^ greater than the remainder AK, 
But DF is equal to C ; 
therefore C is also greater than AK. 

Therefore AH is less than C. 

Therefore there is left of the magnitude AB the magnitude 
AK which is less than the lesser magnitude set out, namely C, 

Q. D. 

And the theorem can be similarly proved even if the parts 
subtracted be halves. 

This proposition will be remembered because it is the lemma required in 
Euclid’s proof of xii. 2 to the effect that circles are to one another as the 
squares on their diameters. Some writers appear to be under the impression 
that XII. 2 and the other propositions in Book xii. in which the method of 
exhaustion is used are the only places where Euclid makes use of x. i ; and it 
is commonly remarked that x. i might just as well have been deferred till the 
beginning of Book xii. Even Cantor {Gesch. d. Math. I3, p. 269) remarks 
that “Euclid draws no inference from it [x. i], not even that which we should 
more than anything else expect, namely that, if two magnitudes are incom- 
mensurable, we can always form a magnitude commensurable with the first 
which shall differ from the second magnitude by as little as we please.” But, 
so far from making no use of x. i before xii. 2, Euclid actually uses it in the 
very next proposition, x.. 2. This being so, as the next note will show, it 
follows that, since x. 2 gives the criterion for the incommensurability of two 
magnitudes (a very necessary preliminary to the study of incommensurables), 
X: I comes exactly where it should be. 

Euclid uses x. i to prove not only xii. 2 but xii. 5 (that pyramids with the 
same height and triangular bases are to one another as their bases), by means 
of which he proves (xii. 7 and Por.) that any pyramid is a third part of the 
prism which has the same base and equal height, and xii. 10 (that any cone 
is a third part of the cylinder which has the same base and equal height), 
besides other similar propositions. Now xii. 7 Por. and xii. 10 are theorems 
specifically attributed to Eudoxus by Archimedes (On the Sphere and Cylinder, 
Preface), who says in another place (Quadrature of the Parabola, Preface) that 
the first of the two, and the theorem that circles are to one another as the 
squares on their diameters, were proved by means of a certain lemma which 
he states as follows: “Of unequal lines, unequal surfaces, or unequal solids, 
the greater exceeds the less by such a magnitude as is capable, if added 
[continually] to itself, of exceeding any magnitude of those which are 
comparable with one another,” i.e; of magnitudes of the same kind as the 
original magnitudes. Archimedes also says (loc. cit.) that the second of 
the two theorems which he attributes to Eudoxus (Eucl. xii. 10) was 
proved by means of ^‘a lemma similar to the aforesaid.” The lemma 
stated thus by Archimedes is decidedly different from x. i, which, however, 
Archimedes himself uses several times, while he refers to the use of it 
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in XII. 2 {On the Sphere and Cylinder, i. 6). As I have before suggested 
{The Works of Archimedes, p. xlviii), the apparent difficulty caused by the 
mention of two lemmas in connexion with the theorem of Eucl. xii. 2 may be 
explained by reference to the proof of x. i. Euclid there takes the lesser 
magnitude and says that it is possible, by multiplying it, to make it some time 
exceed the greater, and this statement he clearly bases on the 4th definition of 
Book V., to the effect that “magnitudes are said to bear a ratio to one another 
which can, if multiplied, exceed one another.’’ Since then the smaller 
magnitude in x, i may be regarded as the difference between some two 
une<|ual magnitudes, it is clear that the lemma stated by Archimedes is in 
substance used to prove the lemma in x. i, which appears to play so much 
larger a part in the investigations of quadrature and cubature which have come 
down to us. 

Besides being employed in Eucl. x. i, the “Axiom of Archimedes” appears 
in Aristotle, who also practically quotes the result of x. i itself. Thus he 
Physics viii. 10, 266 b 2, “By continually adding to a finite (magnitude) 
I shall exceed any definite (magnitude), and similarly by ‘continually subtract- 
ing from it I shall arrive at something less than it,” and ibid. iii. 7, 207 b 10 
“ For bisections of a magnitude are endless.” ft is thus somewhat misleading 
to use the term “Archimedes’ Axiom” for the “lemma” quoted by him, 
since he makes no claim to be the discoverer of it, and it was obviously much 
earlier. 

Stolz (see G. Vitali in Questioni riguardanti le maiematiche elementari, i., 
pp. 129—30) showed how to prove the so-called Axiom or Postulate of Archi- 
medes by means of the Postulate of Dedekind, thus. Suppose the two magni- 
tudes to be straight lines. It is required to prove that, given two straight lines, 
there always exists a multiple of the smaller which is greater than the other. 

Let the straight lines be so placed that they have a common extremity and 
the smaller lies along the other on the same side of the common extremity. 

If be the greater and AB the smaller, we have to prove that there 
exists an integral number n such that n . AB> AC. 

Suppose that this is not true but that there are some points, like B, not 
coincident with the e.xtremity A, and such that, n being any integer however 
great, n . AB <AC; and we have to prove that this assumption leads to an 
absurdity. 


H lyi K , 

A X Y B C 


The points o( AC may be regarded as distributed into two “parts,” namely 

(1) points H for which there exists no integer n such that n'. AH> AC, 

(2) points K for which an integer n does exist such that n . AK> AC. 

This division into parts satisfies the conditions for the application of 
Dedekind’s Postulate, and therefore there exists a point M such that the 
points of AMhdong to the first part and those of A/C to the second part. 

Take now a point Y on MC such that MY < AM. The middle point {X) 
of A Fwill fall between A and M and will therefore belong to the first part; 
but, since there exists an integer n such, that n . AY> AC, it follows that 
2n . AX > AC: which is contrary to the hypothesis. 
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Proposition 2. 

Ify when the less of two unequal magnitudes is continually 
subtrcuted in turn from the greater, that which is left never 
measures the oHe before it, the magnitudes will be incom- 
mensurable. 

For, there being two unequal magnitudes AB, CD, and 
AB being the less, when the less is continually subtracted 
in turn from the greater, let that which is left over never 
measure the one before it ; 

I say that the magnitudes AB, CD are incommensurable. 



For, if they are commensurable, some magnitude will 
measure them. 

Let a magnitude measure them, if possible, and let it be E ; 
let AB, measuring FD, leave C/^less than itself, 
let CF measuring BG, leave A G less than itself, 
and let this process be repeated continually, until there is left 
some magnitude which is less than E. 

Suppose this done, and let there be left A G less than E. 
Then, since E measures AB, 
while AB measures DF, 
therefore E will also measure FD. 

But it measures the whole CD also ; 
therefore it will also measure the remainder CF. 

But CF measures BG ; 
therefore E also measures BG. 

But it measures the whole AB also ; 
therefore it will also measure the remainder AG, the greater 
the less : 

which is impossible. 

Therefore no magnitude will measure the magnitudes A B, 
CD\ 

therefore the magnitudes AB, CD are incommensurable. 

[x. Def. i] 

Therefore etc. 


H. E. III. 


2 
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This proposition states the test for incommensurable magnitudes, founded 
on the usual operation for finding the greatest common measure. The sign 
of the incommensurability of two magnitudes is that this operation never 
comes to an end, while the successive remainders become smaller and smaller 
until they are less than any assigned magnitude. 

Observe that Euclid says “ let this process be repeated continually until 
there is left some magnitude which is less than Here he evidently 

assumes that the process ytill some time produce a remainder less than any 
assigned magnitude E, Now this is by no means self-evident, and yet 
Heiberg (though so careful to supply references) and Lorenz do not refer to 
the basis of thef assumption, which is in reality x. i, as Billingsley and 
Williamson were shrewd enough to see. The fact is that, if we set off a 
smaller magnitude once or oftener along a greater which it does not exactly 
measure, until the remainder is less than the smaller magnitude, we take away 
from the greater more than its half. Thus, in the figure, EE is more than the 
half of CDy and BG more than the half of AB. If we continued the process, 
A G marked off along CE as many times as possible would cut off more than 
its half; next, more than half AG would be cut off, and so on. Hence along 
CE^ AB alternately the process would cut off more than half, then more than 
half the remainder and so on, so that on both lines we should ultimately 
arrive at a remainder less than any assigned length. 

The method of finding the greatest common measure exhibited in this 
proposition and the next is of course again the same as that which we use and 
which may be shown thus : 

b)a{p 

pf 

c)b{q 

d)c{r 

rd 

e 

The proof too is the same as ours, taking just the same form, as shown in the 
notes to the similar propositions vii. i, 2 above. In the present case the 
hypothesis is that the process never stops, and it is required to prove that a, b 
cannot in that case have any common measure, as/ For suppose that / is a 
common measure, and suppose the process to be continued until the remainder 
say, is less than /. 

Then, since /measures by it measures a-pby or c. 

Since / measures by Cy it measures b-qCyOx d, and, since / measures Cy dy 
it measures c—rdy or e : which is impossible, since e </ 

Euclid Assumes as axiomatic that, if / measures a, by it measures ma + nb. 
In practice, of course, it is often unnecessary to carry the process far in 
order to see that it will never stop, and consequently that the magnitudes are 
incommensurable. A good instance is pointed out by Allman ( Greek Geometry 
from Thales to Euclidy pp. 42, 137 — 8). Euclid proves in xin. 5 that, if AB 
be cut in extreme and mean ratio at C, and if 

DA equal to ^ C be added, then DB is also cut D ;A ^ B 

in extreme and mean ratio at A, This is indeed 

obvious from the proof of 11. ii. It follows conversely that, if BE is cut into 
extreme and mean ratio at Ay and ACy equal to the lesser segment\^Z>, be 
subtracted from the greater A By AB is similarly divided at C. We can then 
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mark off from AC a. portion equal to CB, and AC will then be similarly 
divided, and so on. Now the greater segment in a line thus divided is greater 
than half the line, but it follows from xiii. 3 that it is less than twice the 
lesser segment, i.e. the lesser segment can never be marked off more than 
once from the greater. Our process of marking off the lesser segment from the 
greater continually is thus exactly that of finding the greatest common measure. 
If, therefore, the segments were commensurable, the process would stop. But 
it clearly does not ; therefore the segments are incommensurable. 

Allman expresses the opinion that it was rather in connexion with the line 
cut in extreme and mean ratio than with reference to the diagonal and side 
of a square that the Pythagoreans discovered the incommensurable. But the 
evidence seems to put it beyond doubt that the Pythagoreans did discover 
the incommensurability of J2 and devoted much attention to this particular 
case. The view of Allman does not therefore commend itself to me, though 
it is likely enough that the Pythagoreans were aware of the incommensura- 
bility of the segments of a line cut in extreme and mean ratio. At all events 
the Pythagoreans could hardly have carried their investigations into the in- 
commensurability of the segments of this line very far, since Theaetetus is 
said to have made the first classification of irrationals, and to him is also, with 
reasonable probability, attributed the substance of the first part of Eucl. xiii., 
in the sixth proposition of which occurs the proof that the segments of a 
rational straight line cut in extreme and mean ratio are apoiomes. 

Again, the incommensurability of ^2 can be proved by a method 
practically equivalent to that of x. 2, and without carrying the process very 
far. This method is given in ChrystaPs Text- 
book of Algebra (i. p. 270). Let a be the 
diagonal and side respectively of a square 
A BCD, Mark off AT along equal to a. 

Draw BE at right angles to C meeting BC 
in £, 

It is easily proved that 

B£ = EF=BC, 

C£=AC^AB = d-a (i). 

CE=CB- C£ = a-{d--a) 

— 2a —d (2). 

Suppose, if possible, that d, a are commensurable. If </, a are both 
commensurably expressible in terms of any finite unit, efich must be an 
integral multiple of a certain finite unit 

But from (i) it follows that CF^ and from (2) it follows that CE^ is an 
integral multiple of the same unit 

And CF^ CE are the side and diagonal of a square CFEGy the side of 
which is less than h^ilf the side of the original square. If dx are the side and 
diagonal of this square, 

Qx-d - a \ 
dx — 2a — d J * 

Similarly we can form a square with side and diagonal d^ which are less 
than half dx respectively, and d^ must be integral multiples of the same 
unit, where 

a^ — dx — ^ 1 , 
d^ - zox - dx ; 
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and this process may be continued indefinitely until (x. i) we have a square 
as small as we please, the side and diagonal of which are integral multiples of 
a finite unit : which is absurd. 

Therefore a, d are incommensurable. 

It will be observed that this method is the opposite of that shown in the 
Pythagorean series of side- and diagonal-numbers, the squares being 
successively smaller instead of larger. 

Proposition 3, 

Given two commensurable magnitudes, to find their greatest 
common measure. 

Let the two given commensurable magnitudes be AB, CD 
of which AB is the less ; 

thus it is required to find the greatest common measure of 

AB, CD. 

Now the magnitude AB either measures CD or it does 

not. , 

If then it measures it — and it measures itself also — AB is 
a common measure of AB, CD. 

And it is manifest that it is also the greatest ; 

for a greater magnitude than the magnitude AB will not 
measure AB. 



Next, let AB not measure CD. 

Then, if the less be continually subtracted in turn from 
the greater, that which is left over will sometime measure 
the one before it, because CD are not incommensurable; 

[cf. X. 2] 

let AB, measuring ED, leave EC less than itself, 
let ifC measuring FB, leave AF\gss than itself, 
and let AF measure CE. 

Since, then, AF measures CE, 
while CE measures FB, 
therefore AF will also measure FB. 

But it measures itself also ; 
therefore AF will also measure the whole AB. 
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But AB measures DE ; 
therefore AF will also measure ED. 

But it measures CE also ; 
therefore it also measures the whole CD. 

Therefore AF is a common measure of AB, CD. 

I say next that it is also the greatest. 

For, if not, there will be some magnitude greater than AF 
which will measure AB, CD. 

Let it be G. 

Since then G measures AB, 
while AB measures ED, 
therefore G will also measure ED. 

But it measures the whole CD also ; 
therefore G will also measure the remainder CE. 

But CE measures FB ; 
therefore G will also measure FB. 

But it measures the whole AB also, 
and it will therefore measure the remainder AF, the greater 
the less : 

which is impossible. 

Therefore no macfnitude greater than AF will measure 
AB, CD -, 

therefore AFis the greatest common measure of AB, CD. 

Therefore the greatest common measure of the two given 
commensurable magnitudes AB, CD has been found. 

Q. E. D. 

PoRiSM. From this it is manifest that, if a magnitude 
measure two magnitudes, it will also measure their greatest 
common measure. 

This proposition for two commensurable magnitudes is, mutatis mutandis, 
exactly the same as vii. 2 for numbers. We have the process 

b)a(p 

P± 

c)b{q 

qc_ 

d)c{r 

rd 

where c is equal to rd and therefore there is no remainder, 
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It is then proved that is a common measure of a, /> ; and next, by a 
reductio ad absurdum, that it is the greatest common measure, since any 
common measure must measure d, and no magnitude greater than d can 
measure d. The reductio ad absurdum is of course one of form only. 

The Porism corresponds exactly to the Porism to vn. 2. 

The process of finding the greatest common measure is probably given in 
this Book, not only for the sake of completeness, but because in x. 5 a 
common measure of two magnitudes A, B is assumed and used, and therefore 
it is important to show that such a measure can be found if not already 
known. 

Proposition 4. 

Given three comniensurable magnitudes, to find their greatest 
common measure. 

Let A, B, C be the three given commensurable magnitudes ; 
thus it is required to find the greatest 
common measure of A, B, C. a 

Let the greatest common measure b 

of the two magnitudes A, B taken, o 

and let it be Z? ; [x. 3] o e — f — 

then D either measures C, or does 
not measure it. 

First, let it measure it. 

Since then D measures C, 
while it also measures A, B, 
therefore Z? is a common measure of A, B, C. 

And it is manifest that it is also the greatest ; 
for a greater magnitude than the magnitude D does not 
measure A, B. 

Next, let D not measure C. 

I say first that C, D are commensurable. 

For, since A, B, C are commensurable, 
some magnitude will measure them, 
and this will of course measure A, B also ; 

so that it will also measure the greatest common measure of 
A, B, namely D. [x. 3, Por.] 

But it also measures C ; 
so that the said magnitude will measure C, D ; 
therefore C, D are commensurable. 
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Now let their greatest common measure be taken, and let 
it be E. [x. 3] 

Since then E measures Z?, 
while D measures A, B, 
therefore E will also measure A, B. 

But it measures C also ; 
therefore E measures A, B, C; 
therefore is a common measure of A, B, C. 

I say next that it is also the greatest. 

For, if possible, let there be some magnitude E greater than 
E, and let it measure A, B, C. 

Now, since /^measures A, B, C, 
it will also measure A, B, 

and will measure the greatest common measure of A, B. 

[x. 3, Por.] 

But the gre.atest common measure oi A, B \s D \ 
therefore F measures D. 

But it measures C also ; 
therefore F measures C, D ; 

therefore F will also measure the greatest common measure 
of C, D. [x. 3, Por.] 

But that is E ; 

therefore F will measure E, the greater the less : 
which is impossible. 

Therefore no magnitude greater than the magnitude E 
will measure A, B, C; 

therefore E is the greatest common measure of A, B, C if D 
do not measure C, 

and, if it measure it, D is itself the greatest common measure. 

Therefore the greatest common measure of the three given 
commensurable magnitudes has been found. 

PoRisM. From this it is manifest that, if a magnitude 
measure three magnitudes, it will also measure their greatest 
common measure. 

Similarly too, with more magnitudes, the greatest common 
measure can be found, and the porism can be extended. 

Q. E. D. 
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This proposition again corresponds exactly to vii. 3 for numbers. As 
there Euclid thinks it necessary to prove that, a, b, c not being prime to one 
another, d and c are also not prime to one another, so here he thinks it 
necessary to prove that d, c are commensurable, as they must be since any 
common measure of a, b must be a measure of their greatest common 
measure d (x, 3, Por.). 

The argument in the proof that «?, the greatest common measure of d, c, is 
the greatest common measure of a, b, c, is the same as that in vii. 3 and x. 3. 

The Porism contains the extension of the process to the case of four 
or more magnitudes, corresponding to Heron’s remark with regard to the 
similar extension of vii. 3 to the case of four or more Humbert. 


Proposition 5. 

Commensurable magnitudes have to one another the ratio 
which a number has to a number. 

Let Af B be commensurable magnitudes ; 

I say that A has to B the ratio which a number has to a 
number. 

For, since A, B are commensurable, some magnitude will 
measure them. 

Let it measure them, and let it be C. 

A B c 

p 

E 

And, as many times as C measures A^ so many units let 
there be in Z? ; 

and, as many times as C measures B, so many units let there 
be in E. 

Since then C measures A according to the units in D, 
while the unit also measures D according to the units in it, 

therefore the unit measures the number D the same number 
of times as the magnitude C measures A ; 

therefore, as C is to A, so is the unit to D ; [vii. Def. 20 ] 

therefore, inversely, as A is to C, so is D to the unit. 

[cf, V. 7, Por.] 

Again, since C measures B according to the units in E, 
while the unit also measures E according to the units in it. 
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therefore the unit measures E the same number of times as C 
measures B ; 

therefore, as C is to B, so is the unit to E. 

But it was also proved that, 

as ^ is to C, so is D to the unit ; 
therefore, ex aeqtiali, 

as A js to B, so is the number D to E. [v. 22] 

Therefore the commensurable magnitudes A, B have to 
one another the ratio which the number D has to the number E. 

Q. E. D. 


The argument is as follows. If b be commensurable magnitudes, they 
have some common measure and 

a - mc^ 


where n are integers. 

Ii 

It follows that 

II 

or, inversely. 

M 

11 

and also that 

c\b \ n^ 

so that, ex aequali^ 

II 


It will be observed that, in stating the proportion (i), Euclid is merely 
expressing the fact that a is the same multiple of c that is of i. In other 
words, he rests the statement on the definition of proportion in vii. Def. 20. 
This, however, is applicable only to four numbers^ and r, a are not numbers but 
magnitudes. Hence the statement of the proportion is not legitimate unless 
it is proved that it is true in the sense of v. Def. 5 with regard to magnitudes 
in general, the numbers i, m being magnitudes. Similarly with regard to the 
other proportions in the proposition. 

There is, therefore, a hiatus. Euclid ought to have proved that magnitudes 
which are proportional in the sense of vii. Def. 20 are also proportional in the 
sense of v. Def. 5, or that the proportion of numbers is included in the 
proportion of magnitudes as a particular case. Simson has proved this in his 
Proposition C inserted in Book v. (see Vol. ii. pp. i26-=~-8). The portion of 
that proposition which is required here is the proof that, 
if a^mb \ 

c — md J ’ 

then a\b-c\d^ in the sense of v. Def. 5. 

Take any equimultiples pa^ pc of c and any equimultiples qb^ qd of d. 

Now pa = pmb \ 

pc = pmd j * 

But, according as pmh >-<qb^ pmd >-<qd. 

Therefore, according os pa >=i<qb,pa> — < qd. 

And pa^ pc are any equimultiples of c, and qb^ qd any equimultiples 
of b, d. 

Therefore a\b^c\d, [v. Def. 5.] 
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Proposition 6. 

If two magnitudes have to one another the ratio which a 
number has to a number, the magnitudes will be commensurable. 

For let the two magnitudes A, B have to one another the 
ratio which the number D has to the number E ; 

5 1 say that the magnitudes A, B are commensurable. 



E F 


For let A be divided into as many equal parts as there 
are units in D, 

and let C be equal to one of them ; 

and let F be made up of as many magnitudes equal to C as 
10 there are units in E. 

Since then there are in A as many magnitudes equal to C 
as there are units in D, 

whatever part the unit is of D, the same part is C of also ; 
therefore, as C is to so is the unit to D. [vn. Def. 20] 

15 But the unit measures the number D ; 
therefore C also measures A. 

And since, as C is to A, so is the unit to D, 
therefore, inversely, as A is to C, so is the number D to the 
unit. 

20 Again, since there are in F as many magnitudes equal 
to C as there are units in E, 

therefore, as C is to F, so is the unit to E. [vn. Def. 20] 

But it was also proved that, 

as A is to C, so is D to the unit ; 

*5 therefore, ex aequali, sls A is to A', so is D to E. [v. 22] 

But, as D is to E, %o\% A to B 
therefore also, as A is to B, so is it to F also. [v. ii] 

Therefore A has the same ratio to each of the magnitudes 
B, F -, 

30 therefore B is equal to F. [v. 9] 

But C measures F-, 
therefore it measures B also. 

Further it measures A also ; 
therefore C measures A, B. 
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3S Therefore A is commensurable with B. 

Therefore etc, 

PoRisM. From this it is manifest that, if there be two 
numbers, as D, E, and a straight line, as ,<4, it is possible to 
make a straight line [/^] such that the given straight line is to 
40 it as the number D is to the number E. 

And, if a mean proportional be also taken between A, P, 
as B, 

as A is to F, so will the square on A be to the square on B, 
that is, as the first is to the third, so is the figure on the first 
45 to that which is similar and similarly described on the second. 

[vi. 19, Por.] 

But, as A is to F, so is the number D to the number E ; 
therefore it has been contrived that, as the number D is to 
the number E, so also is the figure on the straight line A to 
the figure on the straight line B. q. e, d. 

15. But the unit measures the number D ; therefore C also measures A. 

These words are redundant, though they are apparently found in all the MSS. 

The same link to connect the proportion of numbers with the proportion 
of magnitudes as was necessary in the last proposition is necessary here. This 
being premised, the argument is as follows. 

Suppose a \ b ^m\ny 

where w, n are (integral) numbers. 

Divide a into tn parts, each equal to c, say, 
so that a = me. 

Now take d such that d = nc. 

Therefore we have a:c = m: i, 

and c : d ^ 1 1 

so that, ex aequali^ a\d=m\n 

= by hypothesis. 

Therefore b — d — nc^ 

so that c measures b n times, and <2, b are commensurable. 

The Porism is often used in the later propositions. It follows (i) that, if 
a he a. given straight line, and m, n any numbers, a straight line x can be 
found such that 

a :x = m:n. 

(2) We can find a straight line such that 

a^iy=^m:n. 

For we have only to take a mean proportional between a and Jt, as 

f previously found, in which case a, x are in continued proportion and 
V. Def. 9] 

a*:y = €1 ; X 
^m\n. 
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Proposition 7. 

Incommensurable magnitudes have not to one another the 
ratio which a number has to a number. 

Let A, B be incommensurable magnitudes ; 

I say that A has not to B the ratio which a number has to a 
number. 

For, if A has to B the. ratio which a number has to a 
number, A will be commensurable with B. [x. 6] 

But it is not ; ^ 

therefore A has not to B the ratio which a ^ 

number has to a number. 

Therefore etc. 

Proposition 8. 

If two magnitudes have not to one another the ratio which 
a number has to a number, the magnitudes will be incom- 
mensurable. 

For let the two magnitudes A, B not have to one another 
the ratio which a number has to a number ; 

I say that the magnitudes A, B are incom- 

mensurable. 

For, if they are commensurable, A will have to B the 
ratio which a number has to a number. [x. 5 J 

But it has not ; 

therefore the magnitudes A, B are incommensurable. 

Therefore etc. 


Proposition 9. 

The squares on straight lines commensurable in length have 
to one another the ratio which a square number has to a square 
number ; and squares which have to one another the ratio 
which a square number has to a square number will also have 
their sides commensurable in length. But the squares on 
straight lines incommensurable in length have not to one 
another the ratio which a square number has to a square 
number ; and squares which have not to one another the ratio 
which a square number has to a square number will not have 
their sides commensurable in length either. 
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For let A, B be commensurable in length ; 

I say that the square on A ^ ^ 

has to the square on B the 

ratio which a square number 
has to a square number. 

For, since A is commensurable in length with B, 
therefore A has to B the ratio which a number has to a 
number. [x. 5] 

Let it have to it the ratio which C has to D. 

Since then, as A is to B, so is C to D, 
while the ratio of the square on A to the square on B is 
duplicate of the ratio of A to B, 

for similar figures are in the duplicate ratio of their corre- 
sponding sides ; [vi. 20, Por.] 

and the ratio of the square on C to the square on D is duplicate 
of the ratio of C to Z?, 

for between two square numbers there is one mean proportional 
number, and the square number has to the square number the 
ratio duplicate of that which the side has to the side ; [viii. n] 
therefore also, as the square on A is to the square on B, so 
is the square on C to the square on D. 

Next, as the square on A is to the square on B, so let 
the square on C be to the square on D ; 

I say that A is commensurable in length with B. 

For since, as the square on A is to the square on B, so is 
the square on C to the square on D, 

while the ratio of the square on A to the square on B is 
duplicate of the ratio of A to B, 

and the ratio of the square on C to the square on D is duplicate 

of the ratio of C to D, 

therefore also, as A is to B, so is C to D. 

Therefore A has to B the ratio which the number C has 
to the number D ; 

therefore A is commensurable in length with B. [x. 6 ] 

Next, let A be incommensurable in length with B ; 

I say that the square on A has not to the square on B the 
ratio which a square number has to a square number. 

For, if the square on A has to the square on B the ratio 
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which a square aumber has to a square number, A will be 
commensurable with B. 

But it is not ; 

therefore the square on A has not to the square on B the 
ratio which a square number has to a square number. 

Again, let the square on A not have to the square on B 
the ratio which a square number has to a square number ; 

I say that A is incommensurable in length with B. 

For, if A is commensurable with B, the square on A will 
have to the square on B the ratio which a square number has 
to a square number. 

But it has not ; 

therefore A is not commensurable in length with B. 

Therefore etc. 

PoRiSM. And it is manifest from what has been proved 
that straight lines commensurable in length are always com- 
mensurable in square also, but those commensurable in square 
are not always commensurable in length also. 

[Lemma. It has been proved' in the arithmetical books 
that similar plane numbers have to one another the ratio 
which a square number has to a square number, [vui. 26] 

and that, if two numbers have to one another the ratio which 
a square number has to a square number, they are similar 
plane numbers. [Converse of vin. 26] 

And it is manifest from these propositions that numbers 
which are not similar plane numbers, that is, those which 
have not their sides proportional, have not to one another 
the ratio which a square number has to a square number. 

For, if they have, they will be similar plane numbers : 
which is contrary to the hypothesis. 

Therefore numbers which are not similar plane numbers 
have not to one another the ratio which a square number has 
to a square number,] 

A scholium to this proposition (Schol. x. N0.-62) says categorically that 
the theorem proved in it was the discovery of Theaetetus. 

If a, ^ be straight lines, and 

« ; ^ = w : 

where «, n are numbers, 

then a* ; ^ ; 

and conversely. 
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This inference, which looks so easy when thus symbolically expressed, was 
by no means so easy for Euclid . owing to the fact that a, b are straight lines, 
and nty n numbers. He has to pass from a : ^ to a* : by means of vi. 20, For, 
through the duplicate ratio; the square on a is to the square on b in the 
duplicate ratio of the corresponding sides a, b. On the other hand, w, n 
being numbers^ it is vni. 1 1 which has to be used to show that is the 

ratio duplicate of m :n. 

Then, in order to establish his result, Euclid assumes that, if two ratios are 
equals the ratios which are their duplicates are also equal. This is nowhere 
proved in Euclid, but it is an easy inference from v. 22, as shown in my note 
on VI. 22. 

The converse has to be established in the same careful way, and Euclid 
assumes that ratios the duplicates of which are equal are themselves equal. 
This is much more troublesome to prove than the converse; for proofs I refer 
to the same note on vi. 22. 

The second part of the theorem, deduced by reductio ad absurdum from 
the first, requires no remark. 

In the Greek text there is an addition to the Porism which Heiberg 
brackets as superfluous and not in Euclid’s manner. It consists (i) of a sort 
of proof, or rather explanation, of the Porism and (2) of a statement and 
explanation to the effect that straight lines incommensurable in length are 
not necessarily incommensurable in square also, and that straight lines 
incommensurable in square are, on the other hand, always incommensurable 
in length also. 

The Lemma gives expressions for two numbers which have to one another 
the ratio of a square number to a square number. Similar plane numbers 
are of the form pm . pn and qm . qn^ or mnp^ and mnq^^ the ratio of which is 
of course the ratio of to q^. 

The converse theorem that, if two numbers have to one another the ratio 
of a square number to. a square number, the numbers are similar plane 
numbers is not, as a matter of fact, proved in the arithmetical Books. It is 
the converse of viii. 26 and is used in ix. 10. Heron gave it (see note on 
VIII. 27 above). 

Heiberg however gives strong reason for supposing the Lemma to be an 
interpolation. It has reference to the next proposition, x. 10, and, as we shall 
see, there are so many objections to x. 10 that it can hardly be accepted as 
genuine. Moreover there is no reason why, in the Lemma itself, numbers 
which are not similar plane numbers should be brought in as they are. 


[Proposition 10. 

To find two straight lines incommensurable^ the one in 
length only, and the other in square also, with an assigned 
straight line. 

Let A be the assigned straight line ; 
thus it is required to find two straight lines incommensurable, 
the one in length only, and the other in square also, with A. 

Let two numbers C be set out which have not to one 
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another the ratio which a square number has to a square 
number, that is, which are not similar plane 

numbers ; ^ 

and let it be contrived that, d 

as B is to C, so is the square on to ^ 
the square on D ^ 

— for we have learnt how to do this — 

[x. 6, For.] 

therefore the square on A is commensurable with the square 
on D. [x. 6 ] 

And, since B has not to C the ratio which a square number 
has to a square number, 

therefore neither has the square on A to the sqpare on D the 
ratio which a square number has to a square number ; 
therefore A is incommensurable in length with D. [x. 9] 

Let E be taken a mean proportional between A, D ] 

therefore, as A is to D, so is the square on A to the square 
on E. [v- Def. 9] 

But A is incommensurable in length with D ; 
therefore the square on A is also incommensurable with the 
square on E ; [x- n] 

therefore A is incommensurable in square with E. 

Therefore two straight lines D, E have been found in- 
commensurable, D in length only, and E in square and of 
course in length also, with the assigned straight line AJ\ 

It would appear as though this proposition was intended to supply a 
justification for the statement in x. Def. 3 that it is proved that there are an 
infinite number of straight lines {a) incommensurable in length only, or 
commensurable in square only, and (b) incommensurable in square, with any 
given straight line. 

But in truth the proposition could well be dispensed with; and the 
positive objections to its genuineness are considerable. 

In the first place, it depends on the following proposition,’ x. ii ; for the 
last step concludes that, since 

•.y‘ = a: X, 

and a, x are incommensurable in length, therefore a\ f are incommensurable. 
But Euclid never commits the irregularity of proving a theorem by means of 
a later one. Gregory sought to get over the difficulty by putting x. 10 after 
X. 1 1 ; but of course, if the order were so inverted, the Lemma would still be 
in the wrong place. 

Further, the expression inaBon*» yap, “for we have learnt (how to do this),” 
is not in Euclid’s manner and betrays the hand of a learner (though the same 
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expression is found in the Sectio Canonis of Euclid, where the reference is 
to the Elements), 

Lastly the manuscript P has the number lo, in the first hand, at the top 
of X. II, from which it may perhaps be concluded that x. lo had at first no 
number. 

It seems best therefore to reject as spurious both the Lemma and x. lo. 

The argument of x. lo is simple. If be a given straight line and n 
numbers which have not to one another the ratio of square to square, take jp 


such that 


= m : Hy 


[x. 6, Por.] 


whence a, x are incommensurable in length. 

Then take y a mean proportional between x^ whence 

:y’^z=a \ X 


[X- 9] 
[v. Def. 9] 


[- Jm : 

and X is incommensurable in length only, while y is incommensurable in 
square as well as in length, with a. 


Proposition ii. 

1/ four magnitudes be proportional, and the first be com- 
mensurable with the second, the third will also be commensurable 
with the fourth; and, if the first be incommensurable with the 
second, the third will also be incommensurable with the fourth. 

Let A, B, C, D be four magnitudes in proportion, so 
that, as A is to B, so is C 

to D, A B 

and let A be commensurable ® ^ 

with B ; 

I say that C will also be commensurable with D. 

For, since A is commensurable with B, 
therefore A has to B the ratio which a number has to a 
number. [x- S] 

And, as A is to B, so is C to /? ; 
therefore C also has to D the ratio which a number has to a 
number ; 

therefore C is commensurable with D. [x- 6] 

Next, let A be incommensurable with B ; 

I say that C will also be incommensurable with D. 

For, since A is incommensurable with B, 
therefore A has not to B the ratio which a number has to a 
number. 


H. E. in. 


3 
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And, as A is to B, so is C to Z? ; 
therefore neither has C to D the ratio which a number has to 
a number ; 

therefore C is incommensurable with D. [x. 8] 

Therefore etc. 

I shall henceforth, for the sake of brevity, use symbols for the terms 
“ commensurable (with) ” and “ incommensurable (with) according to the 
varieties described in x. Deff. i — 4 . The symbols are taken from Lorenz 
and seem convenient. 

Commensurable and commensurable with^ in relation to areas, and com- 
mensurable in length and commensurable in length lefith^ in relation to straight 
lines, will be denoted by 

Commensurable in square only or commensurable in square only ivith (terms 
applicable only to straight lines) will be denoted by . 

Incommensurable (ivith)^ of areas, and incommensurable {with\ of straight 
lines will be denoted by w. 

Imommensurable in square (with) (a term applicable to straight lines only) 
will be denoted by 

Suppose a, c^ d to be four magnitudes such that 


Then (i), if ^ 

a : b-c : d, 
a : b = m : Uy 

where ;//, n are integers, [x. 5 ] 

whence 

c : d - m : n, 


and therefore 

c d. 

[x. 6 ] 

( 2 ) l( a ^b, 

a \ b=¥m \ Uy 

[X. 7] 

so that 

c \ d^m \ tiy 


whence 

C yj d. 

[X. 8] 


Proposition 12. 

Magnitudes commensurable with the same magnitude are 
commensurable with one another also. 

For let each of the magnitudes A, B be commensurable 
with C : 

I say that A is also commensurable with B. 

A c B 

D 

E H 

F K 

0 — L 

For, since A is commensurable with C, 

therefore A has to C the ratio which a number has to a 
number. [x. 5] 
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Let it have the ratio which D has to E. 

Again, since C is commensurable with B, 

therefore C has to B the ratio which a number has to a 
number. [x. 5] 

Let it have the ratio which F has to G. 

And, given any number of ratios we please, namely the 
ratio which D has to E and that which F has to G, 

let the numbers H, K, L be taken continuously in the given 


ratios ; [cf. viii. 4] 

so that, as D is to E, so is H to A", 
and, as F is to G, so is K to L. 

Since, then, as A is to C, so is D to A, 
while, as D is to E, so is H to K, 

therefore also, as A is to C, so is H to K. ^ [v. n] 

Again, since, as C is to By so is F to Gy 
while, as F is to Gy so is K to Z, 

therefore also, as C is to By so is K to Z. [v. n] 

But also, as A is to C, so is // to A" ; 
therefore, ex aequaliy as A is to By so is H to Z. [v. 22] 

Therefore A has to B the ratio which a number has to a 
number ; 

therefore A is commensurable with B, [x. 6] 

Therefore etc. 


Q. E. D. 


We have merely to go through the process of compounding two ratios in 
numbers. 

Suppose ay b each c. 

Therefore a \ c ^ tn \ Uy say, [x. 5] 

c \ b ^ p \ qy say. 


Now 

and 

Therefore 

whence, ex aequaliy 
so that 


m \ n- mp : 
p \ q = np \ nq. 
a \ c— mp : 
c \ b ~ np \ nqy 
a : b = mp : nq, 
a b. 


[x. 6] 


3 —* 
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Proposition 13. 

If two magnitudes be commensurable, and the one of them 
be incommensurable with any magnitude, the remaining one 
will also be incommensurable with the same. 


A- 

0 “ 

B- 


Let A, B be two commensurable magnitudes, and let one 
of them, A, be incommensurable with 
any other magnitude C ; 

I say that the remaining one, B, will 
also be incommensurable with C. 

For, if B is commensurable with C, 
while A is also commensurable with B, 

A is also commensurable with C. [x. 12] 

But it is also incommensurable with it : 
which is impossible. 

Therefore B is not commensurable with C ; 
therefore it is incommensurable with it. 

Therefore etc. 


Lemma. 

Given two unequal straight lines, to find by what square the 
square on the greater is greater than the square on the less. 

Let AB, C be the given two unequal straight lines, and 
let AB be the greater of them ; 
thus it is required to find by what 
square the square on A B is greater 
than the square on C. 

Let the semicircle ADB be de- 
scribed on AB, 

and let AD\)0 fitted into it equal to C ; [iv. i] 

let DB be joined. 

It is then manifest that the angle ADB is right, [m. 31] 
and that the square on AB is greater than the square on 
AD, that is, C, by the square on DB. [i. 47] 

Similarly also, if two straight lines be given, the straight 
line the square on which is equal to the sum of the squares 
on them is found in this manner. 
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Let DB be the given two straight lines, and let it be 
required to find the straight line the square on which is equal 
to the sum of the squares on them. 

Let them be placed so as to contain a right angle, that 
formed by AD, DB ; 

and let AB be joined. 

It is again manifest that the straight line the square on 
which is equal to the sum of the squares on AD, DB is AB. 

[I- 47] 

Q. E. D. 

The lemma gives an obvious method of finding a straight line (<•) equal to 

T where a, b are given straight lines of which a is the greater. 

Proposition 14. 

If four straight lines be proportional, and the square on 
the first be greater than the square on the second by the square 
on a straight line commensurable with the first, the square on 
the third will also be greater than the square on the fourth by 
S the square on a straight line commensurable with the third. 

And, if the square on the first be greater than the square 
on the second by the square on a straight line incommensurable 
with the first, the square on the third will also be greater than 
the square on the fourth by the square on a straight line in- 
10 commensurable with the third. 

Let A, B, C, D be four straight lines in proportion, so 
that, as A is to B, so is C to Z> ; 
and let the square on A be greater than 
the square on B by the square on E, and 
IS let the square on C be greater than the 
square on D by the square on F-, 

I say that, if A is commensurable with E, 

C is also commensurable with F, 
and, if A is incommensurable with E, C is 
*0 also incommensurable with F. 

For since, as A is to B, so is C to D, 
therefore also, as the square on A is to the square on B, so is 
the square on C to the square on D. [vi. 22] 

But the squares on E, B are equal to the square on A, 

25 and the squares on D, F are equal to the square on C. 
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Therefore, as the squares on E, B are to the square on 
B, so are the squares on D, F to the square on D ; 

therefore, separando, as the square on E is to the square on 
B, so is the square on F to the square on D ; [v. 17] 

30 therefore also, as E is to B, so is ^ to ; [vi. 22] 

therefore, inversely, as B is to E, so is Z> to F. 

But, as yi is to B, so also is C to ; 
therefore, ejc aequali, as A is to E, so is C to F. [v. 22] 

Therefore, if A is commensurable with E, C is also com- 
3S mensurable with F, 

and, if A is incommensurable with E, C is also incommen- 
surable with F. [x. ii] 

Therefore etc. 

3, 5, 8, 10. Euclid speaks of the square on the first (third) being neater than the square 
on the second (fourth) by the square on a straight line commensurable (incommensurable) 
“with itself (iavr^y** and similarly in all like phrases throughout the Book. For clearness’ 
sake I substitute “the first,” “ the third,” or whatever it may be, for “ itself” in these cases. 


Suppose a, by r, // to be straight lines such that 


a \b^c \d (i). 

It follows [vi. 22] that \P-c^ \ (P (2). 

In order to prove that, converiendoy 


a* : - d^) 

Euclid has to use a somewhat roundabout method owing to the absence of a 
convertendo proposition in his Book v. (which omission Simson supplied by 
his Prop. E). 

It follows from (2) that 


whence, separandOy (a* - = (r® - d^) : d’^y [v. 1 7] 

and, inversely, \ (a^ - \ - d^). 

From this and (2), ex aequaliy 

= [v. 22] 

Hence a \ •Ja^ -c \ •Jc'* — d"^. [vi. 22] 

According therefore a& ^ or 

[x. ii] 


li a we may put J d^ ~H^ = kay where k is of the form mjn 

a nd m y n are integers. And if Va’ - l^^kuy it follows in this case that 

d^ = kc. 
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Proposition 15. 

If two commensurable magnitudes be added together, the 
whole will alio be commensurable with each of them ; and, if 
the whole be commensurable with one of them, the original 
magnitudes will also be commensurable. 

For let the two commensurable magnitudes AB, BC be 
added together ; ^ 

I say that the whole AC is also ' o 

commensurable with each of the 

magnitudes AB, BC. 

For, since AB, BC are commensurable, some magnitude 
will measure them. 

Let it measure them, and let it be D. 

Since then D measures AB, BC, it will also measure the 
whole AC. 

But it measures AB, BC also ; 
therefore D measures AB, BC, AC ; 

therefore AC is commensurable with each of the magnitudes 
AB, BC. [X. Def. i] 

Next, let AC he commensurable with AB; 

I say that AB, BC are also commensurable. 

For, since AC, A B are commensurable, some magnitude 
will measure them. 

Let it measure them, and let it be D. 

Since then D measures CA, AB, it will also measure the 
remainder BC. 

But it measures AB also ; 

therefore D will measure AB, BC ; 

therefore AB, BC are commensurable. [x. Def. i] 

Therefore etc. 

(1) If <1, ^ be any two commensurable magnitudes, they are of the form 
mc^ nCy where r is a common measure of a, b and w, n some integers. 

It follows that a^b-(m^rn)c\ 

therefore {a + b\ being measured by is commensurable with both a and b. 

(2) If a + ^ is commensurable with either a or b^ say a, we may put 
a^b^mcy a = nc, where r is a common measure of (« + b\ rtf, and w, n are 
integers. 

Subtracting, we have b = (m- n) 

whence b a* 
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Proposition i6. 

If two incommensurable magnitudes be added together, the 
whole will also be incommensurable with each of them ; and, ij 
the whole be incommensurable with one of them, the original 
magnitudes will also be incommensurable. 

For let the two incommensurable magnitudes AB, BC be 
added together ; 

I say that the whole AC ts also incommensurable a ^ 
with each of the magnitudes AB, BC. 

For, if CA, AB are not incommensurable, some 
magnitude will measure them. 

Let it measure them, if possible, and let it be Z>. b - 

Since then D measures CA, AB, 
therefore it will also measure the remainder BC. 

But it measures AB also ; c 

therefore D measures AB, BC. 

Therefore AB, BC are commensurable ; 
but they were also, by hypothesis, incommensurable : 
which is impossible. 

Therefore no magnitude will measure CA, AB ', 
therefore CA, AB are incommensurable. [x. Def. i] 

Similarly we can prove that AC, CB are also incom- 
mensurable. 

Therefore AC\s incommensurable with each of the magni- 
tudes AB, BC. 

Next, let AC be incommensurable with one of the magni- 
tudes AB, BC. 

First, let it be incommensurable with AB ; 

I say that AB, BC are also incommensurable. 

For, if, they are commensurable, some magnitude will 
measure them. 

Let it measure them, and let it be D. 

Since then D measures AB, BC, 

therefore it will also measure the whole A C. 

But it measures AB also ; 
therefore D measures CA, AB, 
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Therefore CA, AB are commensurable ; 
but they were also, by hypothesis, incommensurable : 
which is impossible. 

Therefore no magnitude will measure AB, BC ; 
therefore AB, BC are incommensurable. [x- Def. i] 

Therefore etc. 

Lemma. 

If to any straight line there be applied a parallelogram 
deficient by a square figure, the applied parallelogram is equal 
to the rectangle contained by the segments of the straight hne 
resulting from the application. 

For let there be applied to the straight line AB the 
parallelogram AD deficient by the 
square figure DB ; 

I .say that AD is equal to the rectangle 
contained by A C, CB. 

This is indeed at once manifest ; 
for, since DB is a square, 

DC is equal to CB ; 
and AD is the rectangle AC, CD, that is, the rectangle AC, 
CB. 

Therefore etc. 

If a' be the given straight line, and x the side of the square by which the 
applied rectangle is to be deficient, the rectangle is equal to ax — x‘, which is 
of course equal to x (a — x). The rectangle may be written xj>, where 
x+}> = a. Given the area x{a-x), or xjr (where x+jr = a), two different 
applications will give rectangles equal to this area, the sides of the defect 
being x or a - x (x or y) respectively ; but the second mode of expression 
shows that the rectangles do not differ in form but only in position. 

Proposition 17. 

If there be two unequal straight lines, and to the greater 
there be applied a parallelogram equal to the fourth part of 
the square on the less and deficient by a square figure, and if 
it divide it into parts which are commensurable in length, then 
s the square on the greater will be greater than the square on 
the less by the square on a straight line commensurable with 
the. greater. 

And, if the sqttare on the greater be greater than the square 
on the less by the square on a straight line commensurable with 





42 


BOOK X 


[x. 17 

10 the greater, and if there be applied to the greater a parallelogram 
equal to the fourth part of the square on the less and deficient 
by a square figure, it will divide it into parts which are com- 
mensurable in length. 

Let A, BC be two unequal straight lines, of which BC is 
15 the greater, 

and let there be applied to BC a parallel- ^ 

ogram equal to the fourth part of the 

square on the less. A, that is, equal to ; — • 

the square on the half of A, and deficient i i 

20 by a square figure. Let this be the 6 f e 0 c 

rectangle BD, DC, [cf. Lemma] 

and let BD be commensurable in length with DC ; 

I say that the square on BC is greater than the square on A 
by the square on a straight line commensurable with BC. 

25 For let BC be bisected at the point E, 
and let EF\i^ made equal to DE. 

Therefore the remainder DC is equal to BE. 

And, since the straight line BC has been cut into equal 
parts at E, and into unequal parts at D, 

30 therefore the rectangle contained by BD, DC, together with 
the square on ED, is equal to the .square on EC ; [n. 5] 

And the same is true of their quadruples ; 
therefore four times the rectangle BD, DC, together with 
four times the .square on DE, is equal to four times the square 
35 on EC. 

But the square on A is equal to four times the rectangle 
BD, DC -, 

and the square on DF is equal to four times the square on 
DE, for DF is double of DE. 

40 And the square on BC is equal to four times the square 
on EC, for again BC is double of CE. 

Therefore the squares on A, DF are equal to the square 
on BC, 

so that the square on BC is greater than the square on A by 
45 the square on DF. 

It is to be proved that BC is also commensurable with DF. 

Since BD is commensurable in length with DC, 
therefore BC is also commensurable in length with CD. [x. 15] 
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But CD is commensurable in length with CD, BF, for 
so CD is equal to BF. [x. 6] 

Therefore BC is also commensurable in length with BF, 
CD, [x. I a] 

so that BC is also commensurable in length with the remainder 
FD-, [X. 15] 

ss therefore the square on BC is greater than the square on A 
by the square on a straight line commensurable with BC. 

Next, let the square on BC be greater than the square on 
A by the square on a straight line commensurable with BC, 
let a parallelogram be applied to BC equal to the fourth part 
60 of the square on A and deficient by a square figure, and let 
it be the rectangle BD, DC. 

It is to be proved that BD is commensurable in length 
with DC, 

With the same construction, we can prove similarly that 
65 the square on BC is greater than the square on A by the 
square on FD. 

But the square on BC is greater than the square on A 
by the square on a straight line commensurable with BC. 

Therefore BC is commensurable in length with FD, 

70 so that BC is also commensurable in length with the remainder, 
the sum of BF, DC. [x. 15] 

Bat the sum oi.BF, DC is commensurable with DC, [x. 6] 
so that BC is also commensurable in length with CD ; [x. 12] 
and therefore, separando, BD is commensurable in length 
75 with DC. [x. 15] 

Therefore etc. 

45. After saying literally that “the square on BC is greater than the square on A by the 
square on Euclid adds the equivalent expression with 66varai in its technical sense, 

ri BF apa Trji A pei^oy Sijyarai ry AZ. As this is untranslatable in English except by a 
paraphrase in practically the same words as have preceded, I have not attempted to 
reproduce it. 

This proposition gives the condition that the roots of the equation in Xy 
ax-x‘ = fi(=^, say^, 

are commensurable with a, or that x is expressible in terms of a and integral 

numbers, i.e. is of the form — a. No better proof can be found for the fact 

that Euclid and the Greeks used their solutions of quadratic equations for 
numerical problems. On no other assumption could an elaborate discussion 
of the conditions of incommensurability of the roots with given lengths or 
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with a given number of units of length be explained. In a purely geometrical 
solution the distinction between commensurable and incommensurable roots 
has no point, because each can equally easily be represented by straight lines. 
On the other hand, on the assumption that the numerical ^\\xi\or\ of quadratic 
equations was an important part of the system of the Greek geometers, 
the distinction between the cases where the roots are commensurable and 
incommensurable respectively with a given length or unit becomes of great 
importance. Since the Greeks had no means of expressing what we call an 
irrational number, the case of an equation with incommensurable roots could 
only be represented by them geometrically; and the geometrical representations 
had to serve instead of what we can express by formulae involving surds. 

Euclid proves in this proposition and the next that, x being determined 
from the equation 

JC {a~x) = ~ (i), 

4 

x^ (a-x) are commensurable in length when — a are so, and incom- 
mensurable in length when -li\ a are incommensurable; and conversely. 

Observe the similarity of his proof to our algebraical method of solving 
the equation, a being represented in the figure by BC^ and x by CDy 

EF^ED^---x 

2 

and ^ Eucl. n. 5. 

If we multiply throughout by 4, 

4ar (a - a:) + 4 = a*, 

whence, by ( i ), lf‘ + {a - 2xf = a’, 

or — 2x^^y 

and s! — Ij^ - a — 2x. 

We have to prove in this proposition 

(1) that, if Xy {a — x) are commensurable in length, so are 

(2) that, if a, yjd^ - ^ are commensurable in length, so are x, {a -x). 


(i) To prove that a, a - 2X are commensurable in length Euclid employs 
several successive steps, thus. 


Since (a — x) ^ x, 

a ^ X, 

[x- 15] 

But 

X 2X. 

[x. 6] 

Therefore 

a ^ 2X 

[X. 12 ] 


^ (a - 2x). 

[X- is] 

That is, 

a — 


(2) Since a ^ Ja^ ~ 

a rs a ^ 2x^ 


whence 

a ^ 2x, 

[X. IS] 

But 

2X X ; 

[X.6] 

therefore 

a ^ X, 

[x. 12] 

and hence 

(a -x) ^ X. 

[x. 15] 
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It is often more convenient to use the symmetrical form of equation' in 
this and similar cases, viz. 



X +y=a I 

The result with this mode of expression is that 

(1) if ''y, then a « and 

(2) if a — then x y. 

The truth of the proposition is even easier to see in this case, since 
{x-yf = {a^-n 


Proposition i 8. 

1/ there be two unequal straight lines, and to the greater 
there be applied a parallelogram equal to the fourth part of 
the square on the less and deficient by a square figure, and 
if it divide it into parts which are incommensurable, the square 
on the greater will be greater than the square on the less by 
the square on a straight line incommensurable with the greater. 

And, if the square on the greater be greater than the square 
on the less by the square on a straight line incommensurable 
with the greater, and if there J be applied to the greater a 
parallelogram equal to the fourth part of the square on the 
less and deficient by a square figure, it divides it into parts 
which are incommensurable. 

Let A, BC be two unequal straight lines, of which BC is 
the greater, 

and to BC let there be applied a parallelogram equal ® 
to the fourth part of the square on the less. A, and 
deficient by a square figure. Let this be the rect- ^ 
angle BB, DC, [cf. Lemma before x. 1 7] g. , ^ 

and let BD be incommensurable in length with DC ; 

I say that the square on BC is greater than the 
square on A by the square on a straight line incom- ^ 
mensurable with BC. 

For, with the same construction as before, we can prove 
similarly that the square on BC is greater than the square on 
A by the square on FD. , 

It is to be proved that BC is incommensurable in length 
with DF. 
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Since BD is incommensurable in length with DC, 

therefore BC is also incommensurable in length with LD. 

[x. i6] 

But DC is commensurable with the sum of BF, DC ; [x. 6] 
therefore BC is also incommensurable with the sum of BF, 

DC-, *3] 

so xhsLtBC is also incommensurable in length with the remainder 

FD. 

And the square on BC is greater than the square on A 
by the square on FD ; 

therefore the square on BC is greater than the square on A 
by the square on a straight line incommensurable with BC. 

Again, let the square on BC be greater than the square on 
A by the square on a straight line incommensurable with BC, 
and let there be applied to BC a parallelogram equal to the 
fourth part of the square on A and deficient by a square figure. 
Let this be the rectangle BD, DC. 

It is to be proved that BD is incommensurable in length 

with DC. ^ ••11 

For, with the same construction, we can prove similarly 

that the square on BC is greater than the square on A by 
the sr^uare on FD. 

But the square on BC is greater than the square on A by 
the square on a straight line incommensurable with BC ; 
therefore BC is incommensurable in length with FD. 
so that BC is also incommensurable with the remainder, the 
BF, DC. 

But the sum of BF, DC is commensurable in length with 
DC-, tx-®] 

therefore BC is also incommensurable in length with DC, 

[x- 13] 

so that, separando, BD is also incommensurable in length with 
DC. t*- ‘^3 

Therefore etc. 

With the same notation as before, we have to prove in thi s pro position that 

(1) if (a-x), X are incommensurable in length, so are a, •Ja‘ - P, and 

( 2 ) if a, Va’ — 3* are incommensurable in length, so are (a-x), x. 

Or, with the equations 
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(1) if X wj', then a w and 

(2) if ^ Ja^ - then x ^ y. 

The steps are exactly the same as shown under (i) and (2) of the last 
note, with w instead of except only in the lines and “2jr 

which are unaltered, while, in the references, x. 13, 16 take the place of x. 
12, 15 respectively. 

[Lemma. 

Since it has been proved that straight lines commen- 
surable in length are always commensurable in square also, 
while those commensurable in square are not always com- 
mensurable in length also, but can of course be either 
commensurable or incommensurable in length, it is manifest 
that, if any straight line be commensurable in length with a 
given rational straight line, it is called rational and commen- 
surable' with the other not only in length but in square also, 
since straight lines commensurable in length are always 
commensurable in square also. 

But, if any straight line be commensurable in square with 
a given rational straight line, then, if it is also commensurable 
in length with it, it is called in this case also rational and 
commensurable with it both in length and in square ; but, if 
again any straight line, being commensurable in square with a 
given rational straight line, be incommen-surable in length 
with it, it is called in this case also rational but commensurable 
in square only.] 


Proposition 19. 

The rectangle contained by rational straight lines commen- 
surable in length is rational. 

For let the rectangle AC be contained by the rational 
straight lines AB, BC commensurable in 
length ; 

I say that AC is rational. 

For on AB let the square AD de- 
scribed ; 

therefore AD is rational. [x. Def. 4] 

And, since AB is commensurable in 
length with BC, 
while AB is equal to BD, 

therefore BD is commensurable in length with BC. 
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And, as BD is to BC, so is DA to AC. 

Therefore DA is commensurable with AC. 

But DA is rational ; 
therefore AC is also rational. 

Therefore etc. 

There is a difficulty in the text of the enunciation of this proposition. 
The Greek runs to vtto prjT^v (rvft/xcTpwi/ Kara TLva Ti^v 7rpo€ipr)fi€V(t}V 

rpoTTiov €vO€LUiu Tr€pi€)(OfjL€vov opOoydvLov pTjTov €(TTLVy whcrc thc rcctanglc IS 
said to be contained by ‘‘ rational straight lines commensurable in length />/ 
any of the aforesaid waysP Now straight lines can only be commensurable 
in length in one way, the degrees of commensurability being commensurability 
in length and commensurability in square only. But a straight line may be 
rational in two ways in relation to a given rational straight line, since it may 
be either commensurable in length, or commensurable in square only, with the 
latter. Hence Billingsley takes Kara nva twv npoapr^piivtov with prfruiv, 

translating “straight lines commensurable in length and rational in any of the 
aforesaid ways,’' and this agrees with the expression in the next proposition 
“ a straight line once more rational in any of the aforesaid ways ” ; but the 
order of words in the Greek seems to be fatal to this way of translating 
the passage. 

The best solution of the difficulty seems to be to reject the words “irt 
any of the aforesaid ways ” altogether. They have reference to the Lemma 
which immediately precedes and which is itself open to the gravest suspicion. 
It is very prolix, and cannot be called necessary ; it appears moreover in 
connexion with an addition clearly spurious and therefore relegated by 
Heiberg to the Appendix. The addition does not even pretend to be Euclid's, 
for it begins with the words “for he calls rational straight lines those....” 
Hence we should no doubt relegate the Lemma itself to the Appendix. 
August does so and leaves out the suspected words in the enunciation, as I 
have done. 

Exactly the same arguments apply to the Lemma added (without the 
heading “Lemma”) to x. 23 and the same words “in any of the aforesaid 
ways ” used with “ medial straight lines commensurable in length ” in the 
enunciation of x. 24. The said Lemma must stand or fall with that how in 
question, since it refers to it in terms: “And in the same way as was explained 
in the case of rationals....” 

Hence I have bracketed the Lemma added to x. 23 and left out the 
objectionable words in the enunciation of x. 24. 

If p be one of the given rational straight lines (rational of course in the 
sense of x. Def. 3), the other can be denoted by kp, where ^ is, as usual, of 
the form fnjn (where m, n are integers). Thus the rectangle is kp^, which is 
obviously rational since it is commensurable with p“. [x. Def. 4.] 

A rational rectangle may have any of the forms ab, kd\ kA or A, w'here 
a, b are commensurable with the unit of length, and A >vith the unit of area. 

Since Euclid is not able to use kp as a symbol for a straight line 
commensurable in length with p, he has to put his proof in a form corre- 
sponding to 

p^ : kp^ = p ; kp, 

whence, p, kp being commensurable, p^, kp- are so also. 


[vi. l] 
[x. Il] 

[x. Def. 4] 


[X. ,.] 
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Proposition 20. 

a rational area be applied to a rational straight line, it 
prqdtices as breadth a straight line rational and commensurable 
in length with the straight line to which it is applied. 

For let the rational area AC be applied to AB, a straight 
line once more rational in any of the aforesaid 

ways, producing BC as breailth ; 

I say that BC is rational and commensurable in 
length with BA. 

For on AB let the scjuare .^ID be described ; g 

therefore AD is rational. |x. !)ef. 4] 

But AC is also rational ; 
therefore DA is commensurable with /IC. 

And, as DA is to ylC, so is DB to BC. ® 

[vt. i] ^ 

Therefore DB is also commensurable with BC ; I*- ii| 

and DB is equal to />V/ ; 

therefore AB is also commensurable with BC. 

But AB is rational ; 

therefore BC is also rational and commensurable in length 
with A B. 

Therefore etc. 


The converse of the last. If /) is a rational straight line, any rational area 
is of the form kf?. If this be “applied” to p, the breadth is kp commensurable 
in length with p and therefore rational. We should reach the same result if 
we applied the area to another rational straight line a. I'he breadth is then 

kti? ki? nt , ,, 

. fr — ~ h . a- or h say. 


Proposition 21. 

The rectangle contained by rational straight lines commen- 
surable in square only is irrational, and the side of the square 
equal to it is irrational. Tet the latter be called niedia.1. 

P'or let the rectangle AC he contained by the rational 
straight lines AB, BC commensurable in square only ; 
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I say that A C is irrational, and the side of the square equal 
to it is irrational ; 

and let the latter be called medial. d 

For on AB let the square AD be described ; 
therefore AD \s rational. [x. Def. 4] b 

And, since AB is incommensurable in length 
with BC, 

for by hypothesis they are commensurable in c 
square only, 

while AB is equal to BDy 

therefore DB is also incommensurable in length with BC. 

y\nd, as DB is to BC, so is AD to AC ; [vi. i] 

therefore DA is incommensurable with AC. [x. 11] 

But DA is rational ; 
therefore A C is irrational, 

so that the side of the square equal to A C is also irrational. 

( X. Def. 4] 

Ann let the latter be called medial. 

Q. K. 1). 

A medial straight line, now defined for the first time, is so called becau.se 
it is a mean pro[)ortional between two rational straight lines commensurable 
in scjuare only. Such straight lines can be denoted by p, p Jk. A medial 
straight line is therefore of the form or Ic^p. Kuclid’s proof that this is 

irrational is ecjuivalent to the following. lake p, p^/A commensurable in 
square tally, so that they are incommensurable in length. 

Now p:pjk-p^:p^^jk, 

whence |x. ti] p^Jk is incommensurable with p‘ and therefore irrational 
[x. Def 4], so that Jp^^Jk is also irrational \ibid.\ 

A medial straight line may evidently take either of the forms or 

Cab, where of course B is not of the form /i‘A. 

Lemma. 

If there be two straight lines, then, as the first is to the 
second, so is the square on the first 
to the rectangle contained by the 
two straight lines. 

fi'E, EG two straight 

lines. 

I say that, as FE is to EG, so is the square on FE to 
the rectangle FE, EG. 
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For on FE let the square DF be described, 
and let GD be completed. 

Since then, as FE is to EG, so is FD to DG, [vi. i] 
and FD is the square on FE, 

and DG the rectangle DE, EG, that is, the rectangle FE, EG, 
therefore, as FE is to EG, so is the square on FE to the 
rectangle FE, EG. 

Similarly also, as the rectangle GE, EF is to the square 
on EF, that is, as GD is to FD, so is GE to EF, 

Q. E. D. 

If tf, ^ be two straight lines, 

a \b - : ab. 

Proposition 22. 

The square on a medial straight line, if applied to a 
rational straight line, produces as breadth a straight line 
rational and incommensurable in length with that to which it 
is applied. 

Let A be medial and CB rational, 

and let a rectangular area BD equal to the square on A be 
applied to BC, producing CD as 
breadth ; 

I say that CD is rational and incom- 
mensurable in length with CB. 

For, since A is medial, the square 
on it is equal to a rectangular area 
contained by rational straight lines 
ct. mmensurable in square only. 

[X. 2l] 

Let the square on it be equal to GF. 

But the square on it is also equal to BD ; 
therefore BD is equal to GF. 

But it is also equiangular with it ; 
and in equal and equiangular parallelograms the sides about 
the equal angles are reciprocally proportional ; [vi. 14] 

therefore, proportionally, as BC is to EG, so is EF to CD. 

Therefore also, as the square on BC is to the square on 
EG, so is the square on EFx.o the square on CD. [vi. 22] 

4—2 
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But the square on CB is commensurable with the square 
on EG, for each of these straight lines is rational ; 

therefore the square on EF is also commensurable with the 
square on CD. [x. ii] 

But the square on EF is rational ; 
therefore the square on CD is also rational ; [x. Def. 4J 

therefore CD is rational. 

And, since EF is incommensurable in length with EG, 
for they are commensurable in square only, 

and, as ]iFi% to EG, so is the square on EF to the rectangle 
FE, EG, [Lemma] 

therefore the sfjuare on EF is incommensurable with the 
rectangle FE, EG. [x. n] 

But the square on CD is commensurable with the scjuare 
on EF, for the straight lines are rational in square ; 
and the rectangle DC, CB is commensurable with the rect- 
angle FE, EG, for they are equal to the s(|uare on A ; 
therefore the square on CD is also incommensurable with the 
rectangle DC, CB. [x. 13] 

But, as the scjuare on CD is to the rectangle DC, CB, so 
is DC to CB ; [Lemma] 

therefore DC is incommensurable in length with CB. [x. 1 1] 

Therefore CD is rational and incommensurable in length 
with CB. 

Q. E. O. 

Our algebraical notaliou make.s the result of this proposition almost self- 
evident. We have seen that the square of a medial straight line is of the form 
Jk.p\ If we “apply '■ this area to another rational straight line <r, the 

breadth is ^ . 

er 

• iO* fft 

This is equal ^ ^2 • — o', where ///, n are integers. The latter 

straight line, which we may express, if we please, in the form . <r, is clearly 
commensurable with o* in square only, and therefore rational but incom- 
mensurable in length with o-. 

Euclid’s proof, necessarily longer, is in two parts. 

Suppose that the rectangle . p® = o- . a:. 

Then (i) <r : p= [vi. 14] 

whence : p^ = Jfip^ : x^. [vi. 22] 

But O'® ^ p®, and therefore /^p® x\ [x. 1 1 ] 
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And is rational , 



therefore and therefore a:, is rational. 

[x. Def. 4] 

(2) Since . p 

Jk ,p su p. 


But [Lemma] 

Jk . p : p - kp^ : Jk . p'*, 


whence 

kp^ yj Jk . p‘^. 

[x. Il] 

But Jk . p^ -- (TX, and ^p^ ^ x* (from above) ; 


therefore 

x^ w (TX ; 

[X. 13] 

and, since x^ : (tx = .v ; o-, 

X V./ cr. 

[Lemma] 


Proposition 23. 



A straight line commensurable with a ynedial straight line 
is medial. 

Let A be medial, and let B be commensurable with A ; 

I say that B is also medial. 

For let a rational straight line CD ^ ^ 

be set out, 

and to CD let the rectangular area CE i — -y— 

equal to the square on A be applied, 
producing ED as breadth ; 
therefore ED is rational and incommen- 
surable in length with CD. [x. 22] 

And let the rectangular area CF | — p 

equal to the .square on B be applied to 
CD. producing DF breadth. 

Since then A is commensurable with B. 
the square on A is also commensurable with the square on B. 

But EC is equal to the square on A. 
and CF is equal to the .square on B ; 
therefore EC is commensurable with CF. 

And, as EC \?> to CF, so is ED to DF-, [vi. i] 

therefore ED is commensurable in length with DF. [x. ii] 
But ED is rational and incommensurable in length with 
DC-, 

therefore DF is also rational [x. Def. 3] and incommensurable 
in length with DC. [x- 13] 

Therefore CD, DF are rational and commensurable in 
square only. 
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But the straight line the square on which is equal to the 
rectangle contained by rational straight lines commensurable 
in square only is medial ; [x. 21] 

therefore the side of the square equal to the rectangle CZ?, 
DF IS medial. 

And B is the side of the square equal to the rectangle 
CD, DF -, 

therefore B is medial. 

PoRiSM. From this it is manifest that an area commen- 
surable with a medial area is medial. 

[And in the same way as was explained in the case of 
rationals [Lemma following x. 18] it follows, as regards medials, 
that a straight line commensurable in length with a medial 
straight line is called medial and commensurable with it not 
only in length but in square also, since, in general, straight 
lines commensurable in length are always commensurable in 
square also. 

But, if any straight line be commensurable in square with 
a medial straight line, then, if it is also commensurable in 
length with it, the straight lines are called, in this case too, 
medial and commensurable in length and in square, but, if in 
square only, they are called medial straight lines commen- 
surable in square only.] 

As explained in the bracketed passage following this proposition, a straight 
line commensurable with a medial straight line in square only, as well as a 
straight line commensurable with it in length, is medial. 

Algebraical notation shows this easily. 

If l^p be the given straight line, \k^p is a straight line commensurable 

in length with it and . k^p a straight line commensurable with it in square 
only. 

But V a-nd sj^-p are both rational [x. Def. 3] and therefore can be 

expressed by p', and we thus arrive at l^p, which is clearly medial. 

Euclid’s proof amounts to the following. 

Apply both the areas ^k.f? and (or X.,Jk,p^) to a rational 

straight line <r. 

The breadths Jk . ^ and >i‘Jk . ^ ^or are in the ratio of the 

areas ^<4 . p‘ and X^JA . p^ (or X^/i . p*) themselves and are therefore com- 
mensurable. 

2 

Now [x. 22J ~ is rational but incommensurable with 

Therefore ^ ^or Xy/k , is so also; 
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whence the area (or Xjk.p^) is contained by two rational straight 

lines commensurable in square only, so that (or ijk . ^p) is a medial 
straight line. 

It is in the Porism that we have the first mention of a medial area. It is 
the area which is equal to the square on a medial straight line, an area, there- 
fore, of the form which is, as a matter of fact, arrived at, though not 
named, before the medial straight line itself (x. 21). 

The Porism states that ^ medial area, which is indeed obvious. 

Propo.sition 24. 

The rectangle contained by medial straight lines commen- 
surable in length is medial. 

For let the rectangle AC he contained by the medial 
straight lines A/J, BC which are commensurable 
in length ; 

I say that AC is medial. 

For on AB let the square AD he described ; 
therefore AD is medial. 

And, since AB is commensurable in length 
with BC, 

while AB IS equal to BD, 

therefore DB is also commensurable in length 
with BC ; 

so that DA is also commensurable with AC. [vi. i, x. nj 

But DA is medial ; 

therefore AC is also medial. [x. 23, Por.] 

Q. E. D. 

There is the same difficulty in the text of this enunciation as in that of 
X. 19. The Greek says “medial straight lines commensurable in length in 
any of the afore.said ways ” ; but straight lines can only be commensurable in 
length in one way, though they can be medial in two ways, as explained in the 
addition to the preceding proposition, i.e. they can be either commensurable 
in length or commensurable in square only with a given medial straight line. 
For the same reason as that explained in the note on x. 19 I have omitted 
“ in any of the aforesaid ways ” in the enunciation and bracketed the addition 
to X. 23 to which it refers. 

}^p and Xl^p are medial straight lines commensurable in length. 3 ^^ 
rectangle contained by them is which may be written and i^ete- 

fore clearly medial. 5 

Euclid's proof proceeds thus. l.et \x be the two medial stra^gl^ lines 
commensurable in length. 

Therefore :x ,Xx = x : \x. 
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[X. II] 


But .V A.f, so that '' X . Ax. 

Now X* is medial [x. 21] ; 
therefore x . Ax is also medial. * 3 > 

We may of course write two medial straight lines commensurable in length 
in the forms m/^p, nk^p ; and those may either be nja^l B, or 

mVAJi, nXjA/i. 


PuorosrTiON 25. 


rki- rectangle contained by medial straight lines commen- 
surable in square only is either rational dr medial. 


For let the; rectangle AC lie contained by the medial 
straight lines AB, />’ 6 ' which are 

commensurable in square only : . ^ f ? 


I say that AC is either rational 
or medial. 

For on AB, BC let the 
squares AD, BE be described ; 
ther(;fore each of the squares 
ylJ), BE is medial. 

Let a rational straight line 
FG be set out, 




Q 
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to FG let there !je applied the rectangular parallelogram GH 
equal to AD, producing FH as breadth, 

to HM let there be applied the rectangular parallelogram MK 
equal to AC, producing HK as breadth, 

and further to KN let there be similarly applied NL equal to 

BE, producing KL as breadth ; 

therefore FH, HK, KL are in a straight line. 

Since then each of the squares AD, BE is medial, 
and AD \s equal to GH, and BE to HL, 
therefore each of the rectangles GH, AIL is also medial. 

And they are applied to the rational straight line FG ; 
therefore each of the straight lines FH, KL is rational and 
incommensurable in length with FG. [x. 22] 

And, since AD is commensurable with BE, 
therefore GH is also commensurable with NL. 

And, as GH is to NL, so is FH to KT^ ; [vi. i] 

therefore FH is commensurable in length with KL, [.x. nj 
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Therefore FH, KL are rational straight lines commen- 
surable in length ; 

therefore the rectangle FH, KL is rational, [x. 19] 

And, since DB is equal to BA, and OB to BC, 
therefore, as DB is to BC, so is AB to BO. 

But, as DB is to BC, so is DA to AC, [vi. i] 

and, as A B is to BO, so is AC to C O ; 
therefore, as DA is to AC, so is AC to CO. 

But AD is equal to ( 7 //, ylC to ,, 7 /A'and CO to JVL ; 
therefore, as GH is to MK, so is MK to N L ; 
therefore also, as FH is to HK, so is //A' to KL ; [vi. i, v. n] 
therefore the rectangle FH, KL is ecpial to the s([iiare on HK. 

h'- 17I 

But the rectangle FH, KL is latioi'.al : 
therefore the scjuare on HK is also rational. 

Therefore HK is rational. 

And, if it is commensurable in length with FG, 

HN is ratiohal ; [x. 19] 

but, if it is incommensurable in length with FG, 

KH, HM are rational straight lines commensurable in square 
only, and therefore HN is medial. [x. 21] 

Therefore HN is either rational or medial. 

But HN is equal to A C ; 
therefore AC is either rational or medial. 

Therefore etc. 


Two medial straight lines commensurable in .scjuarc only are of the form 

The rectangle contained by them is . k-p\ Now this is in general 
medial \ but, if - k’ Jk, the rectangle is kk'p\ which is rationaL 

Euclid’s argument is as follows. Let us, for convenience, put x for k^p^ sc 
that the medial straight lines are x, . x. 

Form the areas x . . .v, A.t*, 

and let these be res[)ectively equal to o-//, aVy aw, where o* is a rational 
straight line. 

Since Ajc® are medial areas, 
so are au, 

whence u, w are respectively rational and o-. 
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But Xac*, 


so that «r« « <t 7 v, 

or 11 '' IV (i). 

Therefore, u, w being both rational, ww is rational (2). 


Now x^: Jk.x^: Xar* 

or <TU : <rv = (TV: alc, 

so that u :v = v:iv, 

and uw = 7^. 

Hence, by (2), 7^, and therefore v, is rational (3). 

Now (o) if 7 ’ cr, <T7> or. ^/X . jc* is rational ; 

if 7 < ^ <r, so that v <r, 071 or Jk . *•- is medial. 


Proposition 26. 


medial area does not exceed a medial area by a rational 

area. 


For, if possible, let the medial area AB exceed the medial 


area AC hy the rational area 
DB, 

and let a rational straight line 
EF be set out ; 

to EF let there be applied the 
rectangular parallelogram EH 
equal to AB, producing EH 
breadth. 



and let the rectangle EG equal to AC ho subtracted ; 
therefore the remainder BD is equal to the remainder KH. 

But DB is rational ; 
therefore KH is also rational. 


Since, then, each of the rectangles AB, AC is medial, 
and AB is equal to FH, and AC to EG, 
therefore each of the rectangles EH, EG is also medial. 

And they are applied to the rational straight line EF-, 
therefore each of the straight lines HE, EG is rational and 
incommensurable in length with EF. [x. 22] 

And, since \pB is rational and is equal to KH, 
therefore] KH is [also] rational ; 
and it is applied to the rational straight line EF', 
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therefore GH is rational and commensurable in length with 
EF. [x. 20] 

But EG is also rational, and is incommensurable in length 
with EF\ 

therefore EG is incommensurable in length with GH. [x. 13] 
And, as EG is to GH, so is the square on EG to the 
rectangle EG, GH •, 

therefore the square on EG is incommensurable with the 
rectangle EG, GH. [x. n] 

But the squares on EG, GH are commensurable with the 
square on EG, for both are rational ; 

and twice the rectangle EG, GH is commensurable with the 
rectangle* EC 'i, GH, for it is double of it ; [x. 6] 

therefore the squares on EG, GH are incommensurable with 
twice the rectangle EG, GH ; [x. 13] 

therefore also the sum of the squares on EG, GH and twice 
the rectangle EG, GH, that is, the square on EH [11. 4], is 
incommensurable with the squares on EG, GH. [x. 16] 

But the s(iuares on EG, GH are rational ; 
therefore the square on EH is irrational. [x. Def. 4] 

Therefore EH is irrational. 

But it is also rational ; 
which is impossible. 

I'herefore etc. 

Q. E. 1). 

“ Apply ” the two given medial areas to one and the same rational straight 

line p. 'I'hey can then be written in the form p . k^p, p . 

The difference is then {Jk - J^)p^ ', and the proposition asserts that this 
cannot be rational, i.e. cannot be equal to k'. Cf. the proposition 

corresponding to this in algebraical text-books. 

'I’o make Euclid’s proof clear we will put jc for k^p and y for X^p. 

Suppose P {x —y) = pz, 

and, if possible, let pz be rational, so that z must be rational and '' p ...(i). 
Since px, py are medial, 

X and^ are respectively rational and w p (2). 

From (i) and (2), y z. 

Now y : z =y‘ :yz, 

so that y w yz. 
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But 

and 

Therefore 

whence 

or 


^ y\ 

2yz ^yz 

y^ + 2* V/ 2yZj 

{y + zf^if + z^, 

SJ (y^ + z^). 


And (y^ + z^) is rational ; 
therefore x^j and consecjuently .v, is irrational. 

But, by ( 2 ), X is rational : 
which is impossible. 

'I'herefore pz is not rational. 


Pkopo.sition 27. 


7 \) find medial slraiyaht lines commensurable in sijitare only 
xvliich contain a rational rectant^le. 


i.et two rational straight lines A, li commensurable in 
squares only be set out ; 

let C be taken a mtian proportional between 1 

W. B, [vi. 13] ? 


ami let it he contrived that. ® 

as A is to B, so is C to D. [vi. 12J ^ B 

'I'hen, since A, B are rational and com- 
mensurable in s(juare only, I 

the rectangle A, B, that is, the square on C 
[vi 17J, is medial. [x. 21] 

Therefore C is medial. fx. 21] 

And since, as A is to B, so is C to D, 


and A, B are commensurable in square only, 
therefore C, D are also commensurable in square only, [x. ii] 
And C is medial ; 

therefore D is also medial. [x- 23, addition] 

Therefore C, D are medial and commensurable in square 
only. 


I say that they also contain a rational rectangle. 

For since, as A is to B, so is C to D, 
therefore, alternately, as A is to C, so is B to D. [v. 16] 

But, as A is to C, so is C to Z? ; 
therefore also, as C is to B, so is .5 to Z? ; 
therefore the rectangle C, D is equal to the square on B. 
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But the square on B is rational ; 
therefore the rectangle C, D is also rational. 

Therefore medial straight lines commensurable in square 
only have been found which contain a rational rectangle. 

Q. K. 1 ). 

Euclid takes two rational straight lines commensurable in square only, say 
Find the mean proportional, i.e. 

Take x such that p : k-p -^^^p : x (i ). 

This gives x - k^p, 
and the lines leciuired are k^p^ k^p. 

For (a) k^p is medial. 

And by (1), since p ^ k^p, 

kip k^p. 

whence [addition to x. 23], since k^p is medial, 

k^p is also medial. 

'riie medial straight lines thus found may take cither of the forms 
(.) or(.>) VAB, J 


Proposition 28. 

To find medial straight lines commensurable in square only 
which contain a medial rectangle. 

Let the rational straight lines A, B, C commensurable in 
square only be set out ; 

let D be taken a mean proportional between A, B, [vi. 13] 
and let it be contrived that, 

as B is to C, so is D to E. [vi. 12] 


A 

B 

c- 


D 

E' 


Since A, B are rational straight lines commensurable in 
square only, 

therefore the rectangle A, B, that is, the square on D [vi. 17], 
is medial. [x. 21] 
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Therefore D is medial. 

And since £, C are commensurable in square only, 
and, as B is to C, so is D to E, 
therefore D, E are also commensurable in square only. [x. n] 
But D is medial ; 

therefore E is also medial. [x. 23, addition] 

Therefore D, E are medial straight lines commensurable 
in square only. 

1 say next that they also contain a medial rectangle. 

For since, as B is to C, so is D to E, 
therefore, alternately, as B is to D, so is C to E. [v. 16] 

But, as B is to D, so is Z? to ; 
therefore also, as D is to A, so is C to A" ; 
therefore the rectangle A, C is equal to the rectangle D, E,. 

[vi. 16] 

But the rectangle A, C is medial ; [x. 21] 

therefore the rectangle D, E is also medial. 

Therefore medial straight lines commensurable in square 
only have been found which contain a medial rectangle. 

<2. E. 1). 

Euclid takes three straight lines commensurable in square only, i.e. of the 
form p, k^p, K^p, and proceeds as follows. 

Take the mean proportional to p, i ®- ^^P- 
Then take x such that 

k^p : X.^p = ^p : X (r), 

so that X = k^pjiK 

^p, are the required medial straight lines. 

For is medial. 

Now, by (i), since k^p 

k^p X, 

whence x is also medial [x. 23, addition], while k^p. 

Next, by (i), A^/a : a; = k^p ; k^p 

= : p, 

whence x . }^p = A^p®, which is medial. 

The straight lines ^^p, A^p/^^ of course take different forms according as 
the original straight lines are of the forms (i) a, JC, (2) JA, JB, JC, 

(3) JAy by JCy End (4) JAy sjBy c. 
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E.g. in case (i) they are 

in case (2) they are 
and so on. 




Lemma r. 

To find two square numbers such that their sum is also 
square. 

Let two numbers AB, BC be set out, and let them be 
either both even or both odd. 

Then since, whether an even a d 6 B 

number is subtracted from an 

even number, or an odd number from an odd number, the 
remainder is even, [ix. 24, 26] 

therefore the remainder AC is even. 

Let AC hft bisected at D. 

Let AB, BC also be either similar plan., numbers, or 
square numbers, which are themselves also similar plane 
numbers. 

Now the product of AB, BC together with the square on 
CD is equal to the square on BD. [u. 6] 

And the product of AB, BC is square, inasmuch as it 
was proved that, if two similar plane numbers by multiplying 
one another make some number, the product is square, [ix. i] 

Therefore two square numbers, the product of AB, BC, 
and the square on CD, have been found which, when added 
together, make the square on BD. 


And it is manifest that two square numbers, the square 
on BD and the square on CD, have again been found such 
that their difference, the product of AB, BC, is a square, 
whenever AB, BC are similar plane numbers. 

But when they are not similar plane numbers, two square 
numbers, the square on BD and the square on DC, have been 
found such that their difference, the product of AB, BC, is 
not square. 

Q. E. D. 

Euclid’s method of forming right-angled triangles in integral numbers, 
already alluded to in the note on i. 47, is as follows. 

Take two similar plane numbers, e.g. mnp^, mnq^, which are either both even 
or both odd, so that their difference is divisible by 2. 
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Now the product of the two number^, or is square, 

and, by ii. 6, 


[IX. 1] 


mnp ^ . tnnq^ + ^ 


(mnp^ - mnq\^ __ fmnp^ + 








so that the numbers mnpq, ^ {mn/f‘ - mnq-) satisfy the condition that the sum 
of their squares is also a square number. 

It is also clear that ^ (;/////“ •( mnq-), mnpq are numbers such that the 
difference of their sfjuares is also square. 


Lemma 2. 

To find two square numbers such that their sum is not 
square. 

P'or let the product of AB, BC, as we said, be square, 
and CA even, 

and let CA be bisected by D. 

E 

A $ HOF C 8 

It is then manifest that the square product of AB, BC 
together with the square on CD is etjual to the .stjuare on BD. 

[See Lemma 1] 

Let the unit DE be subtracted ; 
therefore the product of A B, BC together with the square on 
CE is less than the square on BD. 

I say then that the square product of AB, BC together 
with the square on CE will not be square. 

For, if it is square, it is either equal to the .square on BE, 
or less than the square on BE, but cannot any more be 
greater, lest the unit be divided. 

First, if possible, let the product of AB, BC together 
with the square on CE be equal to the square on BE, 
and let GA be double of the unit DE. 

Since then the whole is double of the whole CD, 
and in them AG is double of DE, 

therefore the remainder GC is also double of the remainder EC ; 
therefore GC is bisected by E. 

Therefore the product of GB, BC together with the square 
on CE is equal to the square on BE. [n. 6] 

But the product of AB, BC together with the square on 
CE is also, by hypothesis, equal to the square on BE ; 
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therefore the product of GB, BC together with the square on 
CE is equal to the product of AB, BC together with the 
square on CE. 

And, if the common square on CE be subtracted, 
it follows that AB \s equal to GB : 
which is absurd. 

Therefore the product of AB, BC together with the square 
on CE is not equal to the square on BE. 


I say next that neither is it less than the square on BE. 

For, if possible, let it be equal to the square on BE, 
and let HA be double of DF. 

N ow it will again follow that HC is double of CF ; 
so that CH has also been bisected at F, 
and for this reason the product of HB, BC together with the 
square on FC is equal to the square on BF. [n. 6] 

But, by hypothesis, the product of AB, BC together with 
the square on CE is also equal to the square on BF. 

Thus the product of HB, BC together with the square 
on CF will also be equal to the product of AB, BC together 
with the square on CE : 

which is absurd. 


Therefore the product of AB, BC together with the square 
on CE is not less than the square on BE. 

And it was proved that neither is it equal to the square 
on BE. 

Therefore the product of AB,BC together with the square 
on CE is not square. 


Q. E. D. 


We can, of course, write the identity in the^note on Lemma i above (p. 64) 
in the simpler form 

where, as before, mp^y tnq^ are both odd or both even. 

Now, says Euclid, 

tnp ^ . tnq^ + ~ is not a square number. 

This is proved by reductio ad adsurdum. 


H. £. 111. 


5 
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f Lemma 2, x. 29 


~ — —J i less than 

If then the number is square, its side must be greater than, equal to, or 
Jess than ~ the number next less than 


But (i) the side cannot be > _ 

, sjiice they are consecutive numbers. 


without being equal to 


(.) (.,/» - 2 } - ,y . , j. 6] 


If then ^ \ 

we must have 
or 

which is impossible. 

(3) If mp^.mq^^- 


/7np' — mp 


is also equal to ^ 


mp^ + mq^ 


[»tp^ - 2) ?fiq^ ~ mp ^ , mq^y 
mp^ — 2 - mp^ : 


mp^ — mp 


suppose it 


equal to ^ 


mp^ + mq‘^ 




But [ll. 6] (ffip^ — 2r) mq"^ ^ 
Therefore 


'mp‘^ - fnq‘''‘ 




'mf + 7nq'^ 


(mf -2r)mq‘-, mf + - r )“ : 

which is impossible. 

Hence all three hypotheses are false, and the sum of the squares 
mj^ . mq^ and is square, 


Proposition 29, 

T 9 find two rational straight lines coniwensurable in square 
only and suck that the square on the greater is greater than 
the square on the less by the square on a straight line commen- 
surable in length with the greater. 

For let there be set out any rational straight line AB, 
and two square numbers CD, DE such that their difference 
CE is not square ; [Lemma i] 

let there be described on AB the semicircle AFB, 
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and let it be contrived that, 

as DC is to CE, so is the square on BA to the square 
on AF. [x. 6, Por.] 

Let FB be joined. — 

Since, as the square on BA is to 
the square on AF, so is DC to CE, / y' \ 

therefore the square on BA has to 

the square on A F the ratio which the a b 

number DC has to the number CE ; o g 5 

therefore the square on BA is com- 
mensurable with the square on AF. [x. 6] 

But the square on AB is rational ; [x. Def. 4] 

therefore the square on AFis also rational ; [id.^ 

therefore AF is also rational. 


And, since DC has not to CE the ratio which a square 
number has to a square number, 

neither has the square on BA to the square on A F the ratio 
which a square number has to a square number ; 
therefore AB is incommensurable in length with AF. [x. 9] 
Therefore BA, AF are rational straight lines commen- 
surable in square only. 

And since, as DC is to CE, so is the square on BA to 
the square on AB] 

therefore, convertendo, as CD is to DE, so is the square on 
AB to the square on BF. [v. 19, Por., m. 31, 1. 47] 

But CD has to DE the ratio which a square number has 
to a square number : 

therefore also the square on A B has to the square on BF 
the ratio which a square number has to a square number ; 
therefore AB is commensurable in length with BF. [x. 9] 
And the square on A B is equal to the squares on AF, FB; 
therefore the square on A B is greater than the square on A F 
by the square on commensurable with AB. 

Therefore there have been found two rational straight 
lines BA, commensurable in square only and such that 
the square on the greater AB is greater than the square on 
the less AFhy the .square on BF commensurable in length 
with AB. 


Q. E. D. 

5 — » 
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Take a rational straight line p and two numbers such that (m‘ - «’) 
is not a square. 

Take a straight line x such that 

: mi- = p^ : (i), 

whence x'* = p , 

»r 

and X ^p^J I — where k— — . 

m 

Then p, pVi - ^ are the straight lines required. 

It follows from (r) that x* p“, 

and X is rational, but x v p. 

By (i), converUndo, frP ' : = p* : p^ - x®, 

so that — x? p, and in fact = kp. 

According as p is of the form a or the straight lines are (i) ^ 

or (2) ^A, sIA^¥A. 


Proposition 30. 

To find two rational straight lines commensurable in square 
only and such that the square on the greater is greater than 
the square on the less by the square on a straight line incom- 
mensurable in length with the greater. 

Let there be set out a rational straight line AB, 
and two square numbers CE, ED 
such that their sum CD is not 
square ; [Lemma 2] 

let there be described on A B the 
semicircle AFB, 
let it be contrived that, 
as DC is to CE, so is the square 
on BA to the square on AE, 

[x. 6, For.] 

and let FB be joined. 

Then, in a similar manner to the preceding, we can prove 
that BA, AE are rational straight lines commensurable in 
square only. 

And since, as DC is to CE, so is the square on BA to 
the square on AE, 

therefore, convertendo, as CD is to DE, so is the square on 
AB to the square on BE. [v. 19, For., m. 31, i. 47] 

But CD has not to DE the ratio which a square number 
has to a square number ; 
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therefore neither has the square on AB to the square on BF 
the ratio which a square number has to a square number ; 
therefore AB is incommensurable in length with BF. [x. 9] 
And the square on -^ 4 ^ is greater than the square on A F 
by the square on FB incommensurable with AB. 

Therefore AB, AF are rational straight lines commen- 
surable in square only, and the square on AB is greater than 
the square on AF by the square on FB incommensurable in 
length with AB. 

Q. E. D. 

In this case we take ti^ such that is not square. 

Find X such that + ri ^ : ^ 

whence 

or X = ~ , where k = — . 

Ji+k^ 

Then p, satisfy the condition. 

\/i + 

The proof is after the manner of the proof of the preceding proposition 
and need not be repeated. 

According as p is of the form a or the straight lines take the 
form (i) O’" (*) and 

JA, 


Proposition 31. 


To find two medial straight lines commensurable in square 
only, containing a rational rectangle, and such that the square 
on the greater is greater than the square on the less by the 
square on a straight line commensurable in length with the 
greater. 


Let there be set out two rational straight lines A, B 
commensurable in square only and such that the 
square on A, being the greater, is greater than 
the square on B the less by the square on a 
straight line commensurable in length with A. 1 


[x. 29] 

And let the square on C be equal to the 
rectangle A, B. 

Now the rectangle A, B is medial ; [x. 21] 

therefore the square on C is also medial ; 


A B c a 


therefore C is also medial. 


[X.21] 
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[x. 31 


Let the rectangle C, D be equal to the square on B. 

Now the square on B is rational ; 
therefore the rectangle C, D is also rational. 

And since, as A is to B, so is the rectangle A, B to the 
square on B, 

while the square on C is equal to the rectangle A, B, 
and the rectangle C, D is equal to the square on B, 
therefore, as A is to B, so is the .square on C to the rectangle 
C, D. 

But, as the square on C is to the rectangle C, D, so is C 
to D ; 

therefore also, as A is to B, so is C to D. 

But A is commensurable with B in square only ; 
therefore C is also commensurable with D in square only. [x. 1 1] 

And C is medial ; 

therefore D is also medial. [x. 23, addition] 

And since, as A is to B, so is C to D, 
and the square on A is greater than the square on B by the 
square on a straight line commensurable with A, 
therefore also the square on C is greater than the square on 
D by the square on a straight line commensurable with C. 

[X. 14 ] 

Therefore two medial straight lines C, D, commensurable 
in square only and containing a rational rectangle, have been 
found, and the square on C is greater than the square on D 
by the square on a straight line commensurable in length 
with C. 

Similarly also it can be proved that the square on C 
exceeds the square on D by the square on a straight line 
incommensurable with C, when the square on A is greater 
than the square on B by the square on a straight line incom- 
mensurable with A. [x. 30] 

I. Take the rational straight lines commensurable in square only found 
in X. 29, i.e. p, p Vi — A’. 

Take the mean proportional p(i - and x such that 

p ( I - : p \/ 1 - = p s/ 1 — X. 

Then p(i x, or p{i p(i are straight lines satisfying the 

given conditions. 
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For (a) p® \/i - ^ is a medial area, and therefore p ( i - is a medial 


Straight line (i); 

and X . p(i - ~ (I - and is therefore a rational area. 

ip) p,p{i-^)Kp^/r-k\x are straight lines in continued proportion, by 
construction. 

Therefore p:pVi-^ = p(i — : x (2). 


(This Euclid has to prove in a somewhat roundabout way by means of the 
lemma after x. 21 to the effect that a \ b ~ ah \ b'^.) 

From (2) it follows [x. 1 1] that .r ^ p (i ~ ; whence, since p (i - is 
medial, x or p{i — is medial also. 

(y) From (2), since p, p^/i-^ satisfy the remaining condition of the 

problem, p(i - p(i - do so also [x. 14]. 

According as p is of the form a or the straight lines take the forms 


( 1 ) J a \l d^- b‘\ 

(2) HaJaT^^Wa), 


d^^b^ 

J aja^-b'^' 

A A 
tjA j~A^P~A) ‘ 


II. To find medial straight lines commensurable in square only contain- 
ing a rational rectangle, and such that the square on one exceeds the square 
on the other by the scjuare on a straight line incommensurable with the former, 
we simply begin with the rational straight lines having the corresponding 

property [x. 30], viz. p, , and we arrive at the straight lines 

V I + 


P P 

According as p is of the form a or JA, these (if we use the same 
transformation as at the end of the note on x. 30) may take any of the forms 

(i) 

Va _ B 

or (2) \J^(A-B), -_£^A=, 

^ ^ V /. {A-B) 


or *\l A {A - b'^j , 


A - P 

VA{A~^'P) ‘ 


Proposition 32. 

7^0 find two 7nedial straight lines commensurable in square 
only, containing a medial rectangle, and such that the square 
on the greater is greater than the square on the less by the 
square on a straight line commensurable with the greater. 
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Let there be set out three rational straight lines A, B, C 
commensurable in square only, and such that the square on A 
is greater than the square on C by the square on a straight 
line commensurable with A, [x. 29] 

and let the square on D be equal to the rectangle A, B. 



Therefore the square on D is medial ; 
therefore D is also medial. [x- 21] 

Let the rectangle D, E be equal to the rectangle B, C. 
Then since, as the rectangle A, B \s X.o the rectangle B, C, 
,so is A to O, 

while the square on D is equal to the rectangle A, B, 
and the rectangle D, E is equal to the rectangle B, C, 
therefore, as A is to C, so is the square on D to the rectangle 
D, E. 

But, as the square on D is to the rectangle D, E, so is D 
to E ; 

therefore also, as A is to C, so is D to E. 

But A is commensurable with C in square only ; 
therefore D is also commensurable with E in square only. [x. 1 1] 
But D is medial ; 

therefore E is also medial. [x. 23, addition] 

And, since, as A is to C, so is D to E, 
while the square on A is greater than the square on C by 
the square on a straight line commensurable with A, 
therefore also the square on D will be greater than the square 
on E by the square on a straight line commensurable with D. 

[x. 14] 

I say next that the rectangle D, E is also medial. 

For, since the rectangle B, C is equal to the rectangle D, E, 
while the rectangle B, C is medial, [x. 21] 

therefore the rectangle D, E is also medial. 

Therefore two medial straight lines D, E, commensurable 
in square only, and containing a medial rectangle, have been 
found such that the square on the greater is greater than the 
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square on the less by the square on a straight line commen- 
surable with the greater. 

Similarly again it can be proved that the square on D 
is greater than the square on E by the square on a straight 
line incommensurable with D, when the square on A is 
greater than the square on C by the square on a straight line 
incommensurable with A. [x. 30] 


I. Euclid takes three straight lines of the form p Jk, py/i - 


takes the mean proportional pX^ between the first two (i), 

and then finds x such that 

pX^ : pX^ = pVi - \ X (2), 

whence x ~ pX^ s/ 1 - 


and the straight lines pX^, pX^ sj \ k“ satisfy the given conditions. 

Now (a) pX^ is medial. 

(fi) We have, from (i) and (2), 

p\psl\~k^^p>^ \x (3), 

whence x pX^ ; and x is therefore medial and pX^. 


(y) X . pX^ ~ p ^X , p sj i - 

But the latter is medial ; [x. 21] 

therefore x . pX^, or pX^ . pX^ n/ i - is medial. 

Lastly (8) p, p \/i - have the remaining property in the enunciation ; 
therefore pX^ pX^ n/ i - have it also. [x. 14] 

(Euglid has not the assistance of symbols to prove the proportion (3) above. 
He therefore uses the lemmas ab \ be ~ a \ c and \ de — d \ e to deduce from 
the relations 

ab ^d’^ I 

and d\b~c\€ j 

that a : c - d : €.) 


The straight lines may take any of the following forms 

according as the straight lines first taken are 
(i) a, (2) JA, JA'^¥A , (3) ^A, b, JA - k^A. 



(i) JaJB, \J'crjB ’ 
b^A^^¥A 


(3) 


-Jb 4 A 
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, [x. 32, Lemma 


II. If the other conditions are 'the same, but the square on the first 
medial straight line is to exceed the square on the second by the square on a 
straight line incommensurable with the first, we begin with the three straight 

lines p, p siK , ^ > and the medial straight lines are 

sj l -v 




oXi 


\/i + ^ 


The possible forms are even more various in this case owing to the more 
various forms that the original lines may take, e.g. 

(1) rt, JB, 

(2) ^A, b, 

(3) ^A, b, -JT-c-, 

(4) JA, JB, JA-c^; 

(5) JA, JB, Ja^; 
the medial straight lines corresponding to these being 

jB(a^-~C) 
ja JB 
b -J A - ? . 

'Jb jA ’ 
bj A--C _ 

' JbJA’ 

J bJa^? ) _ 

'Jab ’ 

JBJA- C) 

Jab 


(0 

JaJB, 

( 2 ) 

JVJA, 

( 3 ) 

JVJA, 

( 4 ) 

Jab, 

( 5 ) 

Jab, 


Lemma. 

Let ABC be a right-angled triangle having the angle A 
right, and let the perpendicular AD be 
drawn ; 

I say that the rectangle CB, BD is 
equal to the square on BA, 
the rectangle BC, CD equal to the 
square on CA, 
the rectangle BD, DC equal to the square on AD, 
and, further, the rectangle BC, AD equal to the rectangle 
BA, AC. 
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And first that the rectangle CB, BD is equal to the square 
on BA. 

For, since in a right-angled triangle AD has been drawn 
from the right angle perpendicular to the base, 
therefore the triangles ABD, ADC are similar both to the 
whole ABC and to one another, [vi. 8] 

And since the triangle ABC is similar to the triangle ABD, 
therefore, as CB is to BA, so is BA to BD ; [vi. 4] 

therefore the rectangle CB, BD is equal to the square on AB. 

[vi. 17] 

For the same reason the rectangle BC, CD is also equal 
to the square on AC. 

And since, if in a right-angled triangle a perpendicular 
be drawn from the right angle to the base, the perpendicular 
so drawn is a mean proportional between the segments of the 
base, [vi. 8 , Por.] 

therefore, as BD is to DA, so is AD to DC ; 

therefore the rectangle BD, DC is equal to the square on AD. 

[vi. 17] 

I say that the rectangle BC, AD is also equal to the rect- 
angle BA, AC. 

For since, as we said, ABC is similar to ABD, 
therefore, as BC is to CA, so is BA to AD. [vi. 4] 

Therefore the rectangle BC, AD is equal to the rectangle 
BA, AC. [vi. 16] 

Q. E. D. 


Proposition 33. 

To find two straight lines incommensurable in square which 
make the sum of the squares on them rational hut the rectangle 
contained by them medial. 

Let there be set out two rational straight lines AB, BC 
commensurable in square only 
and such that the square on the 
greater AB is greater than the 
square on the less BC by the 
square on a straight line in- 
commensurable with AB, 

[x- 30] 



E 8 0 c 
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[x. 33 

let BC be bisected at D, 

let there be applied to A B a. parallelogram equal to the square 
on either of the straight lines BD, DC and deficient by a 
square figure, and let it be the rectangle AE, EB ; [vi. 28] 

let the semicircle AFB be described on AB, 
let EF\)0 drawn at right angles to AB, 
and let AF, FB be joined. 

Then, since AB, BC are unequal straight lines, 

and the square on A B is greater than the square on BC by 
the square on a straight line incommensurable with AB, 

while there has been applied to AB a parallelogram equal to 
the fourth part of the square on BC, that is, to the square on 
half of it, and deficient by a square figure, making the rect- 
angle AF, EB, 

therefore AF is incommensurable with FB. [x. 18] 

And, as A F is to FB, so is the rectangle BA, AF to the 
rectangle AB, BE, 

while the rectangle BA, AF is equal to the square on AF, 
and the rectangle AB, BE to the square on BF\ 

therefore the square on AF is incommensurable with the 
square on FB ; 

therefore AF, FB are incommensurable in square. 

And, since AB is rational, 
therefore the square on AB is also rational ; 

so that the sum of the squares on AF, FB is also rational. 

[!• 47] 

And since, again, the rectangle AF, FB is equal to the 
square on FF, 

and, by hypothesis, the rectangle AF, EB is also equal to the 
square on BD, 

therefore FE is equal to BD ; 
therefore BC is double of FE, 

so that the rectangle AB, BC is also commensurable with the 
rectangle AB, EF. 

But the rectangle AB, BC is medial ; [x. 21] 

therefore the rectangle AB, FFis also medial. [x. 23, For.] 
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But the rectangle AB, EF is equal to the rectangle AF, 
FB ; [I^mma] 

therefore the rectangle AF, FB is also medial. 

But it was also proved that the sum of the squares on these 
straight lines is rational. 

Therefore two straight lines AF, FB incommensurable 
in square have been found which make the sum of the 
squares on them rational, but the rectangle contained by them 
medial. 

Q. E. D. 


Euclid take* the straight lines found in x. 30, viz. p, — 7 —^=^ . 

V I + 

He then solves geometrically the equations 


xy~ 


.(I). 


4(1 

If y are the values found, he takes Uy v such that 


u'^ = px\ 
zr^ = py ) 


py 

and Uy V are straight lines satisfying the conditions of the problem. 
Solving algebraically, we get (if x>y) 


•(2). 


whence 


“ = s/ 


_p_ 


I + 


•(3). 


V~- 


V I + 

V2 V + 

Euclid's proof that these straight lines fulfil the requirements is as follows. 

(a) The constants in the equations (i) satisfy the conditions of x. i8 ; 
therefore x y^y. 

But X \ y = : 7 ^. 

Therefore ^ v^y 

and Uy V are thus incommensurable in square. 

ifi) + = p^y which is rational. 

n/^ = 


2 sjl 
uv = p. Jxy 


2 Vi 


(r) By (0» 

By (2), 
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[x. 33. 34 


But , - is a medial area, 

n/i +>t“ 

therefore uv is medial. 

Since p, - — may have any of the three forms 

VI 

(i) a, {2) JA, JA-B, (3) ^A, 

u, V may have any of the forms 


(I) 

^ + a JB 

^ a^- a JB 

C) 

Ja^ dlB 

J A-dAB 

(3) 

Fa + 'b fA 

V V ’ 

/A-VfA 


Proposition 34. 

To find two straight lines incommensurable in square which 
make the sum of the squares on them medial but the rectangle 
contained by them rational. 

Let there be set out two medial straight lines AB, BC, 
commensurable in square only, such that the rectangle which 
they contain is rational, and the square on A B is greater than 
the square on BC by the square on a straight line incom- 
mensurable with AB ; [x. 31, adfini\ 



E C 

let the semicircle ADB be described on AB, 
let BC be bisected at E, 

let there be applied to AB a parallelogram equal to the square 
on BE and deficient by a square figure, namely the rectangle 
AF, FB ; ■ [VI. 28] 

therefore AE is incommensurable in length with EB. [x. 18] 
Let ED be drawn from E at right angles to AB, 
and let AD, DB be joined. 
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Since AF is incommensurable in length with FB, 
therefore the rectangle BA, AF is also incommensurable with 
the rectangle AB, BF. [*• **] 

But the rectangle BA, AF is equal to the square on AD, 
and the rectangle AB, BF to the square on DB ; 
therefore the square otxAD is also incommensurable with the 
square on DB. 

And, since the square on AB is medial, 

therefore the sum of the squares on AD, DB is also medial. 

[ill. 31 , I. 47 ] 

And, since BC is double of DF, 
therefore the rectangle AB, BC is also double of the rectangle 
AB, FD. 

But the rectangle AB, BC is rational ; 
therefore the rectangle AB, FD is also rational. [x. 6] 

But the rectangle AB, FD is equal to the rectangle AD, 
DB\ [Lemma] 

SO that the rectangle AD, DB is also rational. 

Therefore two straight lines AD, DB incommensurable 
in square have been found which make the sum of the squares 
on them medial, but the rectangle contained by them rational. 

Q. E. D. 


In this case we take [x. 31, 2nd part] the medial straight lines 


Solve the equations 






or +7 = 


xy = 


4(i+^)U 


Take v such that, if x, y be the result of the solution, 

2 P 

U^= 


and u, V are straight lines satisfying the given conditions. 

Euclid’s proof is similar to the preceding. 

(a) From (i) it follows [x. i8] that 

'x^y, 

whence ^ 

and I/, V are thus incommensurable in square. 


.(i;. 


•(2), 
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(/3) + zr*— — j which is a medial area. 

Vi 


(y) 


uv - 


(1+^) 
I />* 




, which is a rational area. 


2 *1+^’ 

Therefore uv is rational. 

To find the actual form of ?/, we have, by solving the equations (i) 
(if x>y), 

X = (^/7T^ + k)y 

2(l+/^)S 

? — ^ I ^ k) ; 


and hence 


U - — T=:£r=_ sfj I + 

72(1+^) 


Z; = —r — :. J k^ — k. 

n/2(i+>P) 


Bearing in mind the forms which 


^ may take (see note 


(I + (i 

on X. 31 ), we shall find that w, v may have any of the forms 
(t) ^/ (a + >/g) ■ 

(2) . 

(3) JQAzKdl^ 


Proposition 35. 

To find two straight lines incommensurable in square which 
make the sum of the squares on them medial and the rectangle 
contained by them medial and moreover incommensurable with 
the sum of the squares on them. 

Let there be set out two medial straight lines AB, BC 
commensurable in square only, containing a medial rectangle, 
and such that the square on AB is greater than the square on 
BC by the square on a straight line incommensurable with 
AB ; [x. 32. adfin.\ 
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let the semicircle ADB be described on AB, 
and let the rest of the construction be as above. 



Then, since AF 'v^i incommensurable in length with FB, 

[x. 18] 

AD is also incommensurable in square with DB. [x. n] 

And, since the square on ^4^9 is medial, 

therefore the sum of the squares on AD, DB is also medial. 

[ill. 31, 1. 47] 

And, since the rectangle AF, FB is equal to the square 
on each of the straight lines BE, DF, 

therefore BE is equal to DF -, 
therefore BC is double of FD, 

so that the rectangle AB, BC is also double of the rectangle 
AB, FD. 

But the rectangle AB, BC is medial; 
therefore the rectangle AB, FD is also medial. [x. 32, Por.] 

And it is equal to the rectangle AD, DB ; 

[Lemma after x. 32] 

therefore the rectangle AD, DB is also medial. 

And, since AB is incommensurable in length with BC, 
while CB is commensurable with BE, 

therefore AB is also incommensurable in length with BE, 

[X. 13] 

so that the square on A B is also incommensurable with the 
rectangle AB, BE. [x. n] 

But the squares on AD, DB are equal to the square on 
AB, [I. 47] 

and the rectangle AB, FD, that is, the rectangle AD, DB, is 
equal to the rectangle AB, B E •, 

therefore the sum of the squares on AD, DB is incommen- 
surable with the rectangle AD, DB. 


H. E. III. 


6 
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Therefore two straight lines AD, DB incommensurable 
in square have been found which make the sum of the squares 
on them medial and the rectangle contained by them medial 
and moreover incommensurable with the sum of the squares 
on them. 

Q. E. D. 


Take the medial straight lines found in x. 32 (2nd part), viz. 

pX^j •J 1 + j^. 

Solve the equations 



x+y=^pX* 

(I). 


II 

1 

, 

and then put 

= pk* . X 1 

( 2 ), 


7/^ = pk^ . y I 


where x, y are the ascertained values of .v, y. 

Then w, v are straight lines satisfying the given conditions. 
Euclid proves this as follows. 

(a) From (i) it follows [x. i8] that x w y. 

Therefore ^ 


•{ 3 )‘ 


and u — V, 

( 0 ) ti^ + z^ = p'‘ JX, which is a medial area 

(y) uv = . »Jxy 

= - , which is a medial area (4) ; 

therefore uv is medial. 

i 


(S) 

whence 

That is, by (3) and (4), 


pXi 


2 Vi +i»’ 


/X ‘ pVx 


(«2 ^ ^ 

The actual values are found thus. Solving the equations (i), we have 

pX* / k 


_pXi / 

V2 V JT+¥ 

_ pX^ / k 

''■V2V* vrrj«- 


whence 
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According as p is of the form a or we have a variety of forms for 
u, Vy arrived at by using the same transformations as in the notes on x. 30 
and X. 32 (second part), e.g. 

(2) 

( 3 ) JQUAdP ^ \jQAzJ)M. 

and the expressions in (2), (3) with b in place of 


Proposition 36. 

If two rational straight lines commensurable in square 
only be added together, the whole is irrational ; and let it be 
called binomial. 

For let two rational straight lines AB, BC commen- 
5 surable in square only be added 

together ; 

I say that the whole AC \s ir- ^ ® ° 

rational. 

For, since AB is incommensurable in length with BC — 

10 for they are commensurable in square only — 
and, as AB is to BC, so is the rectangle AB, BC to the 
square on BC, 

therefore the rectangle AB, BC is incommensurable with the 
square on BC. [x- ”J 

IS But twice the rectangle AB, BC is commensurable with 
the rectangle AB, BC [x. 6], and the squares on AB, BC are 
commensurable with the square on BC — for AB, BC are 
rational straight lines commensurable in square only — [x. 15] 
therefore twice the rectangle AB, BC is incommensurable 
20 with the squares on AB, BC. [x. 13] 

And, componendo, twice the rectangle AB, BC together 
with the squares on AB, BC, that is, the square on AC [n. 4], 
is incommensurable with the sum of the squares on AB, BC. 

[x. 16] 

But the sum of the squares on AB, BC is rational ; 

25 therefore the square on AC is irrational, 
so that AC is also irrational. [x. Def. 4] 

And let it be called binomial. q. e. d. 

6—2 
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Here begins the first hexad of propositions relating to compound irrational 
straight lines. The six compound irrational straight lines are formed by 
adding two parts, as the corresponding six in Props. 73 — 78 are formed by 
subtraction. The relation between the six irrational straight lines in this and 
the next five propositions with those described in Definitions ii. and the 
Props. 48 — 53 following thereon (the first,, second, third, fourth, fifth and 
sixth binomials) will be seen when we come to Props. 54 — 59; but it may be 
stated here that the six compound irrationals in Props. 36 — ^41 can be found 
by means of the equivalent of extracting the square root of the compound 
irrationals in x. 48 — 53 (the process being, strictly speaking, the finding of the 
sides of the squares equal to the rectangles contained by the latter irrationals 
respectively and a rational straight line as the other side), and it is therefore 
the further removed compound irrational, so to speak, which is treated first. 

In reproducing the proofs of the propositions, I shall for the sake of 
simplicity call the two parts of the compound irrational straight line x, y, 
explaining at the outset the forms which x, y really have in each case ; x will 
always be supposed to be the greater segment. 

In this proposition x, y are of the form p, fk . p, and {x + j) is proved to 
be irrational thus. 

X y, so that x ^ y. 

Now X :y = x“ : xy, 

so that x^ w xy. 

But x^ ^ (x^ -fy), and xy ^ 2xy ; 
therefore (x^+y) v./ 2xy, 

and hence {x‘^ + 2a;j) v./ (x^ +/“)• 

But {x^ is rational ; 

therefore (x + and therefore (x ^y), is irrational. 

This irrational straight line, p+ fk.p, is called a binomial straight line. 

This and the corresponding apotome {p—Jk.p) found in x. 73 are the 
positive roots of the equation 

^4 „ 2 (i + k) p^ , -v {i — k)^ p* = o. 


Proposition 37. 

If two medial straight lines commefisurable in square only 
and containing a rational rectangle be added together, the 
whole is irrational ; and let it be called a first bimedial 
straight line. 

For let two medial straight lines AB, BC commensurable 
in square only and containing 

a rational rectangle be added g q 

together ; 

I say that the whole AC is irrational. 

For, since AB is incommensurable in length with BC, 
therefore the squares on AB, BC are also incommensurable 
with twice the rectangle AB, BC ; [cf. x. 36, 11. 9—20] 
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and, componendo, the squares on AB, BC together with twice 
the rectangle AB, BC, that is, the square on AC [ii. 4], is 
incommensurable with the rectangle AB, BC. [x. 16] 

But the rectangle AB, BC is rational, for, by hypothesis, 
AB, BC are straight lines containing a rational rectangle ; 
therefore the square on C is irrational ; 
therefore AC is irrational. [x. Def. 4] 

And let it be called a first bimedial straight line. 

Q. E. D. 

Here x,y have the forms k^p, k^p respectively, as found in x. 27. 

Exactly as in the last case we prove that 

+y^ 2xy, 

whence {x -vyf sj 2xy. 

But xy is rational ; 

therefore (x +yy, and consequently (x +y), is irrational. 

The irrational straight line )^p + k^p is called a first bimedial straight line. 

This and the corresponding first apotome of a medial {J^p - k^p) found in 
X. 74 are the positive roots of the equation 

x* - 2 fk (i + k) p- . x'‘ + k (i - p* = o. 

Proposition 38. 

1/ two medial straight lines commensurable in square only 
and containing a medial rectangle be added together, the whole 
is irrational; and let it be called a second bimedial straight 
line. 

5 For let two medial straight lines AB, BC commensurable 
in square only and containing 

a medial rectangle be added a I— — ? 

together ; p h Q 

I say that AC is irrational. f | 

10 For let a rational straight 
line DE be set out, and let the 

parallelogram DF equal to the e f 

square on ^ C be applied to DE, 

producing DG as breadth. [i. 44] 

15 Then, since the square on AC is equal to the squares on 
AB, BC and twice the rectangle AB, BC, [n. 4] 

let EH, equal to the squares on AB, BC, be applied to DE-, 
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therefore the remainder HF is equal to twice the rectangle 
AB, BC. 

20 And, since each of the straight lines AB, BC \% medial, 
therefore the squares on AB, BC are also medial. 

But, by hypothesis, twice the rectangle AB, BC \?> also 
medial. 

And EH is equal to the squares on AB, BC, 

*5 while FH is equal to twice the rectangle AB, BC ; 
therefore each of the rectangles EH, HF is medial. 

And they are applied to the rational straight line DE ; 

therefore each of the straight lines DH, HG is rational and 
incommensurable in length with DE, [x. 22] 

30 Since then AB is incommensurable in length with BC, 
and, as is to BC, so is the square on A B to the rectangle 
AB, BC, 

therefore the square on AB is incommensurable with the rect- 
angle AB, BC. [x. ii] 

3S But the sum of the squares on AB, BC is commensurable 
with the square on AB, [x. 15] 

and twice the rectangle AB, BC is commensurable with the 
rectangle AB, BC. [x. 6] 

Therefore the sum of the squares on AB, BC is incom- 
40 mensurable with twice the rectangle AB, BC. [x. 13] 

But EH is equal to the squares on AB, BC, 

and HF is equal to twice the rectangle AB, BC. 

Therefore EH is incommensurable with HF, 
so that DH is also incommensurable in length with HG. 

[VI. I, X. Il] 

45 Therefore DH, HG are rational straight lines commen- 
surable in square only ; 

so that DG is irrational. [x. 36] 

But DE is rational ; 

and the rectangle contained by an irrational and a rational 
so straight line is irrational ; [cf. x. 20] 

therefore the area DF is irrational, 

and the side of the square equal to it is irrational. [x. Def. 4] 
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X- 38, 39] 


But AC is the side of the square equal to DP; 
therefore AC is irrational. 

55 And let it be called a second bimedial straight line. 

Q. E. D. 

After proving ( 1 . 21) that eafA of the squares on AB, BC is medial, Euclid 
states (11. 24, 26) that EH^ which is equal to the sum of the squares, is a 
medial area, but does not explain why. It is because, by hypothesis, the 
squares on AB^ BC are commensurable, so that the sum of the squares is 
commensurable with either [x. 15] and is therefore a medial area [x. 23, Por.]. 

In this case [x. 28, note] x^y are of the forms ^p, respectively. 

Apply each of the areas (x^ + j*) and 2xy to a rational straight line <r, i.e. 
suppose 

+ y = (TUf 


2xy = (TV. 

Now it follows from the hypothesis,- x. 15 and x. 23, Por. that is 

a medial area ; and so is 2xyf by hypothesis ; 
therefore <rw, (tv are medial areas. 

Therefore each of the straight lines w, v is rational and o* (i). 

Again 

therefore x^ w xy. 

But x^ and xy 2xy; 

therefore a?* s-. 2^_y, 

or cru (TVf 

whence u sj v (2). 

Therefore, by (i), (2), 2/, z; are rational and 
It follows, by X. 36, that {u + v) is irrational. 

Therefore (u ■\-v)(r is an irrational area [this can be deduced from x. 20 
by reductio ad absurdum\ 

whence {x +>')^ and consequently (a; + j), is irrational. 

Xip . 

~~ is called a second bimedial straight 


The irrational straight line l^p 


line. 


This and the corresponding second apotome of a medial {^p ~ ^ 


found in x. 75 are the positive roots of the equation 


Proposition 39. 

If two straight lines incommensurable in square which 
make the sum of the squares on them rational, but the rectangle 
contained by them medial, be added together, the whole straight 
line is irrational : and let it be called major. 
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For let two straight lines AB, BC incommensurable in 
square, and fulfilling the given con- 
ditions [x. 33], be added together ; ^ ~ B o 

I say that AC h irrational. 

For, since the rectangle AB, BC is medial, 
twice the rectangle AB, BC is also medial. [x. 6 and 23, For.] 
But the sum of the squares on A B, BC is rational ; 
therefore twice the rectangle AB, BC is incommensurable 
with the sum of the squares on AB, BC, 

so that the squares on AB, BC together with twice the rect- 
angle AB, BC, that is, the square on AC, is also incommen- 
surable with the sum of the squares on AB, BC ; [x. 16] 

therefore the square on AC is irrational, 

so that AC is also irrational. [x. Def. 4 ] 

And let it be called major. 

Q. E. D. 

Here Xy y are of the form found in x. 33, viz. 
p / k 

72 V ‘ Vr+T*’ n /2 V ^ 

By hypothesis, the rectangle xy is medial ; 
therefore 2xy is medial. 

Also {x^ +_y*) is a rational area. 

Therefore x^ + ^ 2xy, 

whence {x -^yf ^ {x^ 

so that {x ^yYy and therefore {x ^-y)y is irrational. 

The irrational straight line A- k/ i + —i=t= + ~ a. / 1 - is 

V2 V ^2 V 

called a major (irrational) straight line. 

This and the corresponding minor irrational found in x. 76 are the 
positive roots of the equation 


Proposition 40. 

If two straight lines incommensurable in square which 
make the sum of the squares on them medial, but the rectangle 
contained by them rational, be added together, the whole straight 
line is irrational ; and let it be called the side of a rational 
plus a medial area. 
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For let two straight lines AB, BC incommensurable in 
square, and fulfilling the giVen con- 
ditions [x. 34], be added together ; a_ b o 

I say that AC is irrational. 

For, since the sum of the squares on AB, BC is medial, 
while twice the rectangle AB, BC is rational, 
therefore the sum of the squares on AB, BC is incommen- 
surable with twice the rectangle AB, BC\ 
so that the square on ^ C is also incommensurable with twice 
the rectangle AB, BC. [x. 16] 

But twice the rectangle AB, BC is rational ; 
therefore the square on ^ C is irrational. 

Therefore AC is irrational. [x. Def. 4] 

And let it be called the side of a rational plus a 
medial area. 

Q. E. D. 


Here x, y have [x. 34] the forms 

■ ■ -A Vs/r+iP + k, -j—- J 

In this case +y) is a medial, and 2xy a rational, area ; thus 

+y V/ 2xy. 

Therefore {x +jv)^ 2xy, 

whence, since 2xy is rational, 

(x + j/)^, and consequently (x +jf), is irrational. 

The irrational straight line 


\/2 (l + > 4 ") ' n /2 (l + 

is called (for an obvious reason) the “ side " of a rational plus a nudial {urea). 

This and the corresponding irrational with a minus sign found in x. 77 
are the positive roots of the equation 

2 „ „ 




.x‘ + 




,P* = o. 


Proposition 41. 

If two straight lines incommensurable in square which 
make the sum of the squares on them medial, and the rectangle 
contained by them medial and also incommensurable with the 
sum of the squares on them, be added together, the whole straight 
line is irrational ; and let it be called the side of the sum 
of two medial areas. 
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For let two straight lines AB, BC incommensurable in 
square and satisfying the given conditions 
35] be added together ; 

I say that AC is irrational. 

Let a rational straight line DE be set out, 
and let there be applied to DE the rectangle 
DF equal to the squares on A B, BC, and 
the rectangle GH equal to twice the rectangle 
AB, BC) 

therefore the whole DH is equal to the square 
on A C. [ii. 4] 

Now, since the sum of the squares on 
AB, BC is medial, 
and is equal to DF, 
therefore DF is also medial. 

And it is applied to the rational straight line DE ; 
therefore DG is rational and incommensurable in length with 
DE. [x. 22] 

For the same reason GK is also rational and incommen- 
surable in length with GF, that is, DE. 

And, since the squares on AB, BC are incommensurable 
with twice the rectangle AB, BC, 

DF is incommensurable with GH ; 

so that DG is also incommensurable with GK. [vi. i, x. ii] 
And they are rational ; 

therefore DG, GK are rational straight lines commensurable 
in square only ; 

therefore DK is irrational and what is called binomial, [x. 36] 
But DE is rational ; 

therefore DH is irrational, and the side of .the square which 
is equal to it is irrational. [x. Def. 4] 

But AC is the side of the square equal to HD ; 
therefore AC is irrational. 

And let it be called the side of the sum of two medial 
areas. 

Q. E. D. 

In this case x, jy are of the form 

pX* / k pX* / k 

x /2 V ^ ^ jz V * jTTff- 
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By hypothesis, +y) and 2xy are medial areas, and 

w 2xy (i). 

‘ Apply ’ these areas respectively to a rational straight line (r, and suppose 

(2). 

2xy = <TV } 

Since then <ru and av are both medial areas, w, v are rational and both 


are w cr (3). 

Now, by (i) and (2), 

<TU W HVy 

so that u ^ V, 


By this and (3), //, v are rational and 
Therefore [x. 36] (ti -f is irrational. 

Hence cr (w + v) is irrational [deduction from x. 20]. 

Thus {x + J')^ and therefore (x y)^ is irrational. 

The irrational straight line 

pA.^ I k pX.^ 1^ ^ 

7^ V ' ^ jTTf 7^ V ' ~ 

is called (again for an obvious reason) the “ side ” of the sum of two tnedtals 
(medial areas). 

This and the corresponding irrational with a minus sign found in x. 78 
are the positive roots of the equation 

X*- 2 f\. x^p^ + X P* = o- 
Lemma. 

And that the aforesaid irrational straight lines are divided 
only in one way into the straight lines of which they are the 
sum and which produce the types in question, we will now 
prove after premising the following lemma. 

Let the straight line AB he set out, let the whole be cut 
into unequal parts at each of 

the points C, D, . 

and lety^Cbe supposed greater ^ dec b 

than DB ; 

I say that the squares on A C, CB are greater than the squares 
on AD, DB. 

For let ABhe bisected at E. 

Then, since AC \s greater than DB, 
let DC be subtracted from each ; 

therefore the remainder AD is greater than the remainder CB. 

But A£ is equal to EB ; 
therefore DE is less than EC\ 
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therefore the points C, D are not equidistant from the point 
of bisection. 

And, since the rectangle A C, CB together with the square 
on EC \s equal to the square on EB, ['•• s] 

and, further, the rectangle AD, DB together with the square 
on DE is equal to the square on EB, W-] 

therefore the rectangle A C, CB together with the square on 
EC is equal to the rectangle AD, DB together with the 
square on DE. 

And of these the square on DE is less than the square 
on EC ; 

therefore the remainder, the rectangle AC, CB, is also less 
than the rectangle AD, DB, 

so that twice the rectangle AC, CB is also less than twice 
the rectangle AD, DB. 

Therefore also the remainder, the sum of the squares on 
AC, CB, is greater than the sum of the squares on AD, DB. 

Q. E. n. 

3. and which produce the types in question. The Greek is iroiovaQv rh. vpoKtlfieva 
etSrj, and I have taken etSv to mean “types (of irrational straight lines),” though the expression 
might perhaps mean “ satisfying the conditions in question.” 

This proves that, if x ~tt and if are more nearly equal than 
x^y (i.e. if the straight line is divided in the second case nearer to the point 
of bisection), then 

It is first proved by means of ii. 5 that 

2Xy<2UVy 

whence, since {x +yY = (« + vfj the required result follows. 


Proposition 42. 

A binomial straight line is divided into its terms at one 
point only. 

Let AB be a binomial straight line divided into its terms 
at C \ 

therefore ACy CB are rational g— □ o b 

straight lines commensurable in 

square only. [^: 3^] 

I say that AB is not divided at another point into two 
rational straight lines commensurable in square only. 
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For, if possible, let it be divided at D also, so that AD, 
DB are also rational straight lines commensurable in square 
only. 

It is then manifest that AC is not the same with DB. 

For, if possible, let it be so. 

Then AD will also be the same as CB, 

and, as ^ C is to CB, so will BD be to DA ; 

thus AB will be divided at D also in the same way as by the 
division at C : 

which is contrary to the hypothesis. 

Therefore AC is not the same with DB. 

For this reason also the points C, D are not equidistant 
from the point of bisection. 

Therefore that by which the squares on AC, CB differ 
from the squares on AD, DB is also that by which twice 
the rectangle AD, DB differs from twice the rectangle 

AC, CB, 

because both the squares on A C, CB together with twice the 
rectangle AC, CB, and the squares on AD, DB together 
with twice the rectangle AD, DB, are equal to the square 
on AB. [11. 4] 

But the squares on AC, CB differ from the squares on 

AD, DB by a rational area, 

for both are rational ; 

therefore twice the rectangle AD, DB also differs from twice 
the rectangle AC, CB by a rational area, though they are 
medial [x. 21] : 

which is absurd, for a medial area does not exceed a medial 
by a rational area. [x. 26] 

Therefore a binomial straight line is not divided at different 
points ; 

therefore it is divided at one point only. 

Q. E. D. 

This proposition proves the equivalent of the well-known theorem in 
surds that, 

if a-v = ,Jy, 
a = x, b =y, 

= >/* + Jy, 

a = x, b=y (or a=y, b = x). 


then 
and if 
then 
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The proposition states that a binomial straight line cannot be split up into 
terms (dvoftara) in two ways. For, if possible, let 

X +J' = x' +y, 

where x, y, and also x, /, are the terms of a binomial straight line, x', y' 
being different from x, y (or y, x). 

One pair is necessarily more nearly equal than the other. Let x',/ be 
more nearly equal than x, y. 

Then (y? +y) - (x"^ +y'^) = ^x'y — 2xy. 

Now by hypothesis {x"^+y'^) are rational areas, being of the form 

y + V ; 

but 2xy\ 2xy are medial areas, being of the form Jk. 
therefore the difference of two medial areas is rational : 

which is impossible. [x. 26] 

Therefore x\y' cannot be different from x,y {or'y, x). 


Proposition 43. 

A first bimedial straight line is divided at one point only. 

Let AB d. first bimedial straight line divided at C, so 
that A C, CB are medial straight 

lines commensurable in square — ^ 

only and containing a rational 

rectangle ; [x. 37] 

I say that AB is not so divided at another point. 

P'or, if possible, let it be divided at D also, so that AD, 
DB are also medial straight lines commensurable in square 
only and containing a rational rectangle. 

Since, then, that by which twice the rectangle AD, DB 
differs from twice the rectangle AC, CB is that by which the 
squares on A C, CB differ from the squares on AD, DB, 

while twice the rectangle AD, DB differs from twice the 
rectangle AC, CB by a rational area — for both are rational — 

therefore the squares on A C, CB also differ from the squares 
on AD, DB by a rational area, though they are medial : 

which is absurd. [x. 26] 

Therefore a first bimedial straight line is not divided into 
its terms at different points ; 

therefore it is so divided at one point only. 


Q. E. D. 
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X- 43. 44] 

In this case, with the same hypothesis, viz. that 

X +y = x' +y, 

and x', y are more nearly equal than x, y, 

we have as before (x“ +y) — (x'^ +y*) = ix'y' — 2xy. 

But, from the given properties of x, y, and x', y’, it follows that 2xy, 2x'y 
are rational and (a:“+y), (a-'^+y*) medial, areas. 

Therefore the difference between two medial areas is rational ; 
which is impossible; [x. 26] 


Proposition 44. 

A second bimedial straight line is divided at one point only. 

Let AB be a second bimedial straight line divided at C, 
so that AC, CB are medial straight lines commensurable in 
square only and containing a medial rectangle ; [x. 38] 

it is then manifest that C is not at the point of bisection, 
because the segments are not commensurable in length. 

I say that AB is not so divided at another point. 

A DOB 

1 1 


E M H N 



For, if possible, let it be divided at D also, so that AC is 
not the same with DB, but AC is supposed greater ; 
it is then clear that the squares on AD, DB are also, as we 
proved above [Lemma], less than the squares on A C, CB ; 
and suppose that AD, DB are medial straight lines commen- 
surable in square only and containing a medial rectangle. 

Now let a rational straight line EF be set out, 
let there be applied to EF the rectangular parallelogram EK 
equal to the square on AB, 

and let EG equal to the squares on AC, CB be subtracted ; 
therefore the remainder HK is equal to twice the rectangle 
AC, CB. [n. 4] 

Again, let there be subtracted EL, equal to the squares 
on AD, .DB, which were proved less than the squares on 
A C, CB [Lemma] ; 
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therefore the remainder MK is also equal to twice the rect- 
angle AD, DB. 

Now, since the squares on AC, CB are medial, 
therefore ^0^ is medial. 

And it is applied to the rational straight line EF ; 
therefore EH is rational and incommensurable in length with 
EF. [X. 22] 

For the same reason 

HH is also rational and incommensurable in length with EE. 

And, since AC, CB are medial straight lines commen- 
surable in s<iuare only, 

therefore AC is incommensurable in length with CB. 

But, as AC is to CB, so is the square on to the rect- 
angle A C, CB ; 

therefore the square on AC is incommensurable with the rect- 
angle AC, CB. [x. ii] 

But the squares on AC, CB are commensurable with the 
square on AC; for AC, CB are commensurable in square. 

[x. 15] 

And twice the rectangle AC, CB is commensurable with 
the rectangle A C, CB. [x. 6] 

Therefore the squares on AC, CB are also incommen- 
surable with twice the rectangle A C, CB. [x. 13] 

But EG is equal to the squares on AC, CB, 
and HK is equal to twice the rectangle A C, CB ; 
therefore EG is incommensurable with HK, 
so that EH is also incommensurable in length with HN. 

[VI. I, X. Il] 

And they are rational ; 

therefore EH, HN are rational straight lines commensurable 
in square only. 

But, if two rational straight lines commensurable in square 
only be added together, the whole is the irrational which is 
called binomial. [x. 36] 

Therefore EN is a binomial straight line divided at H. 

In the same way EM, MN will also be proved to be 
rational straight lines commensurable in square only ; 
and EN will be a binomial straight line divided at different 
points, H and M. 
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And EH is not the same with MN. 

For the squares on AC, CB are greater than the squares 
on ADy DB. 

But the squares on ADy DB are greater than twice the 
rectangle ADy DB ; 

therefore also the squares on ACy CBy that is, EGy are much 
greater than twice the rectangle ADy DBy that is, MKy 
so that EH is also greater than MN. 

Therefore EH is not the same with MN. 

Q. E. D. 

As the irrationality of the second bimedial straight line [x. 38] is proved by 
means of the irrationality of the binomial straight line [x. 36], so the present 
theorem is reduced to that of x. 42. 

Suppose, if possible, that the second bimedial straight line can be divided 
into its terms as such in two ways, i.e. that 

x->ry-x* +y, 

where x\ y' are nearer equality than Xy y. 

Apply x^ +y, 2xy to a rational straight line tr, i.e. let 

4 -y = <rUy 
2 xy — frv, 

Then, as in x. 38, the areas x^-\-y\ 2xy are medial, so that aUy av are 
medial ; 

therefore Uy v are both rational and w o- (i). 

Again, by hypothesis, Xy y are medial straight lines commensurable in 
square only ; 

therefore x^y* 

Hence xP’ ^ xy. 

And x^ {x^ +y)> while xy ^ 2xy ; 
therefore (x^ +y) v/ 2xyy 

or (TU K/ <rVy 

and hence u^v (2). 

Therefore, by (i) and (2), v are rational straight lines commensurable 
in square only ; 

therefore u + v is a. binomial straight line. 

Similarly, if x'^ ^-y'^ - cru and 2xy = av', 
u' + v' will be proved to be a binomial straight line. 

And, since (x -^yf ~ (x' +y)^ and therefore (u + {u' + v')y it follows that 

a binomial straight line is divided as such in two ways : 

which is impossible. [x. 42] 

Therefore x the given second bimedial straight line, can only be so 
divided in one way. 

In order to prove that u + Vy u' + d represent a different division of the 
same straight line, Euclid assumes that x^ +y > 2xy, This is of course an 
easy inference from ii. 7 ; but the assumption of it here renders it probable 
that the Lemma after x. 59 is interpolated. 


H. E. HI. 


7 
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Proposition 45. 

A mcijo'i' stfuight line is divided di one and the same point 
only. 

Let AB be a major straight line divided at C, so that 
AC, CB are incommensurable in DC 

square and make the sum of the 1 < g 

squares on AC, CB rational, but the 

rectangle AC, CB medial ; [x. 39] 

I say that AB is not so divided at another point. 

For, if possible, let it be divided at D also, so that AD, 
DB are also incommensurable in square and make the sum 
of the squares on AD, DB rational, but the rectangle con- 
tained by them medial. 

Then, since that by which the squares on A C, CB differ 
from the squares on AD, DB is also that by which twice the 
rectangle AD, DB differs from twice the rectangle AC, CB, 
while the squares on AC, CB exceed the squares on AD, 
DB by a rational area — for both are rational — 
therefore twice the rectangle AD, DB also exceeds twice the 
rectangle AC, CB by a rational area, though they are medial : 
which is impossible. [x. 26] 

Therefore a major straight line is not divided at different 
points ; 

therefore it is only divided at one and the same point. 

Q. E. D. 


If possible, let the major irrational straight line be divided into terms in 
two ways, viz. as (x +y) and {x' +y), where x\ y are supposed to be nearer 
equality than x^ y. 

We have then, as in x. 42, 43, 

4-y) - (x'^ + = '^x'y' ~2xy. 

But, by hypothesis, (x‘^-¥y '^) are both, rational so that their 

difference is rational. 

Also, by hypothesis, 2xy\ 2xy are both medial areas ; 
therefore the difference of two medial areas is a rational area : 
which is impossible. [x. 26] 

Therefore etc. 
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Proposition 46. 

The side of a rational plus a medial area is divided at one 
point only. 

Let AB be the side of a rational plus a medial area 
divided at C, so that AC, CB are 

incommensurable in square and make a d c b 

the sum of the squares on AC, CB 

medial, but twice the rectangle AC, CB rational ; [x. 40] 

I say that AB is not so divided at another point. 

For, if possible, let it be divided at D also, so that AD, 
DB are also incommensurable in square and make the sum 
of the squares on AD, DB medial, but twice the rectangle 
AD, DB rational. 

Since then that by which twice the rectangle AC, CB 
differs from twice the rectangle AD, DB is also that by 
which the squares on AD, DB differ from the squares on 

AC, CB, 

while twice the rectangle A C, CB exceeds twice the rectangle 

AD, DB by a rational area, 

therefore the squares on AD, DB also exceed the squares 
on A C, CB by a rational area, though they are medial : 
which is impossible. [x- 26] 

Therefore the side of a rational plus a medial area is not 
divided at different points ; 
therefore it is divided at one point only. 

Q. E. D. 


Here, as before, if we use the same notation, 

{x^ +p) - +/'■*) = 2xy' - 2xy, 

and the areas on the left side are, by hypothesis, both medial, while the areas 
on the right side are both rational. 

Thus the result of x. 26 is contradicted, as before. 

Therefore etc. 


Proposition 47. 

The side of the sum of two medial areas is divided at one 
point only. 

Let AB be divided at C, so that AC, CB are incommen- 
surable in square and make the sum of the squares on A C, 

7—2 
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CB medial, and the rectangle AC, CB medial and also in- 
commensurable with the sum of the squares on them ; 

I say that AB is not divided at another point so as to fulfil 
the given conditions. 


A| 


O- 

c 

B 



N 


K 


For, if possible, let it be divided at B, so that again AC 
is of course not the same as BD, but AC is supposed greater; 
let a rational straight line EF be set out, 
and let there be applied to EF the rectangle EG equal to the 
squares on AC, CB, 

and the rectangle HK equal to twice the rectangle A C, CB ; 
therefore the whole EK is equal to the square on AB, [ii. 4] 
Again, let EL, equal to the squares on AD, DB, be applied 
to EF-, 

therefore the remainder, twice the rectangle AD, DB, is equal 
to the remainder MK. 

And since, by hypothesis, the sum of the squares on AC, 
CB is medial, 

therefore £"6^ is also medial. 

And it is applied to the rational straight line EF\ 
therefore HE is rational and incommensurable in length with 
EE'. [x. 22] 

For the same reason 

HN is also rational and incommensurable in length with EF, 
And, since the sum of the squares on AC, CB is incom- 
mensurable with twice the rectangle A C, CB, 
therefore EG is also incommensurable with GN, 
so that EH is also incommensurable with HN. [vi. r, x. n] 
And they are rational ; 




X. 47] PROPOSITION 47, DEFINITIONS II loi 

therefore EH, HN are rational straight lines commensurable 
in square only ; 

therefore EN is a binomial straight line divided at H. [x. 36] 

Similarly we can prove that it is also divided at M. 

And EH is not the same with MN ; 
therefore a binomial has been divided at different points : 
which is absurd. [x. 42] 

Therefore a side of the sum of two medial areas is not 
divided at different points ; 
therefore it is divided at one point only. 

Using the same notation as in the note on x. 44, we suppose that, if 
possible, 

X +y = x' +y, 

and we put 

= and 

2xy = <rv ) 2xy ~(tv ) 

Then, since 2xy are medial areas, and or rational. 


V are both rational and ^ or (i). 

Also, by hypothesis, x^^y^ ^ 2xyy 

whence (2). 

Therefore, by (1) and (2), v are rational and 

Hence w 4 - is a binomial straight line. [x. 36] 

Similarly u + z;' is a binomial straight line. 

But U-¥V^U \ 

therefore a binomial straight line is divided into terms in two ways : 
which is impossible. [x. 42] 

Therefore etc. 


DEFINITIONS II. 

1. Given a rational straight line and a binomial, divided 
into its terms, such that the square on the greater term is 
greater than the square on the lesser by the square on a 
straight line commensurable in length with the greater, then, 
if the greater term be commensurable in length with the 
rational straight line set out, let the whole be called a first 
binomial straight line; 

2. but if the lesser term be commensurable in length 
with the rational straight line set out, let the whole be called 
a second binomial ; 
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3. and if neither of the terms be commensurable in length 
with the rational straight line set out, let the whole be called 
a third binomial. 

4. Again, if the square on the greater term be greater 
than the square on the lesser by the square on a straight line 
incommensurable in length with the greater, then, if the 
greater term be commensurable in length with the rational 
straight line set out, let the whole be called a fourth 
binomial ; 

5. if the lesser, a fifth binomial ; 

6. and if neither, a sixth binomial. 


Proposition 48. 

To find the first binomial straight line. 

Let two numbers AC, CB be set out such that the sum 

of them AB has to BC the ratio 

which a square number has to a ^ " 

square number, but has not to CA ^ 

the ratio which a square number , 

has to a square number ; a c b 

[Lemma i after x. 28] 

let any rational straight line D be set out, and let EF 
commensurable in length with D. 

Therefore EF is also rational. 

Let it be contrived that, 

as the number BA is to A C, so is the square on EF to the 
square on EG. [x- ^’or.] 

But AB has to AC the ratio which a number has to a 
number ; 

therefore the square on EF also has to the square on FG 
the ratio which a number has to a number, 
so that the square on EF is commensurable with the square 
on FG. [x. 6] 

And EF is rational ; 
therefore FG is also rational. 

And, since BA has not to AC the ratio which a square 
number has to a square number. 
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neither, therefore, has the square on EF to the square on FG 
the ratio which a square number has to a square number ; 
therefore EF is incommensurable in length with FG. [x. 9] 
Therefore EF, FG are rational straight lines commen- 
surable in square only ; 

therefore EG \?, binomial. [x. 36] 


I say that it is also a first binomial straight line. 

For since, as the number BA is to AC, so is the square 
on EF to the square on FG, 
while BA is greater than AC, 

therefore the square on EF is also greater than the square 
on FG. 

Let then the squares on FG, H be equal to the square on 
EF. 

Now since, as BA is to A C, so is the square on EF to the 
square on FG, 
therefore, converiendo, 

as A B is to BC, so is the square on EF to the square on H. 

[v. 19, Por.] 

But AB has to BC the ratio which a square number has 
to a square number ; 

therefore the square on EF also has to the square on H the 
ratio which a square number has to a square number. 

Therefore EF is commensurable in length with H ; [x. 9] 

therefore the square on EF is greater than the square on FG 
by the square on a straight line commensurable with EF. 

.\nd EF, FG are rational, and EF is commensurable in 
length with D. 

Therefore EF is a first binomial straight line. 

Q. E. D. 


Let be a straight line commensurable in length with p, a given rational 
straight line. 

The two numbers taken may be written — where is 

not a square. 

Take .r such that 

pni^ \ p{nP - «“) = ( i ), 

, — 

whence x-kp . 

m 


Then kp + x^ or kp-\- kp , is a first binomial straight line (2). 

m 
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To prove this we have, from (i), 

and X is rational, but x ^ kp; 

that is, X is rational and kp, 

so that ip + X is a. binomial straight line. 

Also, k‘p'‘ being greater than x\ suppose ^p^ - x^ =y‘. 

Then, from (i), pm ^ : : f, 

whence y is rational and kp. 

Therefore ip + xis a first binomial straight line [x. Deff. 11. i]. 

This binomial straight line may be written thus, 

kp + kp >J i - X’. 

When we come to x. 85, we shall find that the corresponding straight line 
with a negative sign is first apotome, 

kp — kp >J i - b?. 

Consider now the equation of which these two expressions are the roots. 
The equation is 

a:’ — 2kp . .r + X'^y = o. 

In other words, the first binomial and the first apotome correspond to the 
roots of the equation 

a;’ — 20a: + XV = o, 

where a = kp. 


Proposition 49, 


To find the second binomial straight line. 


Let two numbers AC, CB be set out such that the sum 
of them AB has to BC the ratio which 
a square number has to a square number, 
but has not, to AC the ratio which a 
square number has to a square number ; 
let a rational straight line D be set out, I ' f+ 

and let EF be commensurable in length 
with D ; 

therefore EF is rational. 

Let it be contrived then that, 


of 


as the number CA is to AB, so also is the square on EF to 
the square on FG ; [x. 6, For.] 

therefore the square on EF is commensurable with the square 
on FG. [x. 6] 

Therefore FG is also rational. 

Now, since the number CA has not to AB the ratio which 
a square number has to a square number, neither has the 
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square on EF to the square on FG the ratio which a square 
number has to a square number. 

Therefore EF is incommensurable in length with FG ; 

[X. 9] 

therefore EF, FG are rational straight lines commensurable 
in square only ; 

therefore EG \s binomial. [x- 36] 

It is next to be proved that it is also a second binomial 
straight line. 

For since, inversely, as the number BA is to AC, so is 
the square on GF to the square on FE, 
while BA is greater than AC, 

therefore the square on GF is greater than the square on FE. 

Let the squares on EF, H be equal to the square on GF ; 
therefore, convert endo, as AB is to BC, so is the square on 
FG to the square on H. [v- i 9 > Por ] 

But AB has to BC the ratio which a square number has 
to a square number ; 

therefore the square on FG also has to the square on H the 
ratio which a square number has to a square number. 

Therefore FG is commensurable in length with H ; [x. 9] 
so that the .square on FG is greater than the square on FE 
by the square on a straight line commensurable with FG. 

And FG, FE are rational straight lines commensurable 
in square only, and EF, the lesser term, is commensurable in 
length with the rational straight line D set out. 

Therefore EG is second binomial straight line. 

Q. E. D. 


Taking a rational straight line kp commensurable in length with p, and 
selecting numbers of the same form as before, viz. ^ {m‘ — «*), we put 
p {nP — rP) ; pnp = t^p^ \ 0^ (i)> 

so that x = ftp , 

— « 

= -pL.- , say ( 2 ). 

VI -X* 

Just as before, x is rational and kp, 
whence + * is a binomial straight line. 

By(i), i^>f^p\ 
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Let 

whence, from ( i ), pm^ : pn^ - : y\ 

and_v is therefore rational and x. 

The greater term of the binomial straight line is x and the lesser kp^ and 

+ kp 

satisfies the definition of the second binomial straight line. 

The corresponding second apotome [x. 86] is 

J i — 'S? 

The equation of which the two expressions are the roots is 

or — 2 aX + = o, 

where a = - > — . 

Vi -X’ 


Proposition 50, 

To find the third binomial straight line. 

Let two numbers AC, CB be set out such that the sum 
of them AB has to BC the ratio which a square number has 
to a square number, but has not to AC the ratio which a square 
number has to a square number. 


K A c B 



Let any other number D, not square, be set out also, and 
let it not have to either of the numbers BA. AC the ratio 
which a square number has to a square number. 

Let any rational straight line £ be set out, 

and let it be contrived that, as D is to AB, so is the square 
on £ to the square on £G ; [x. 6, For.] 

therefore the square on £ is commensurable with the square 
on FG. [x. 6] 

And £ is rational ; 
therefore FG is also rational. 
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And, since D has not to A B the ratio which a square 
number has to a square number, 

neither has the square on E to the square on EG the ratio 

which a square number has to a square number ; 

therefore E is incommensurable in length with EG. [x. 9] 

Next let it be contrived that, as the number BA is to AC, 
so is the square on EG to the square on GH \ [x. 6, Por.] 

therefore the square on EG is commensurable with the square 
on GH. [X. 6] 

But EG is rational ; 
therefore GH is also rational. 

And, since BA has not to AC the ratio which a square 
number has to a square number, 

neither has the square on EG to the square on HG the ratio 
which a square number has to a square number ; 
therefore EG is incommensurable in length with GH. [x. 9] 
Therefore EG, GH are rational straight lines commen- 
surable in square only ; 

therefore EH is binomial. [x. 36] 

I say next that it is also a third binomial straight line. 

For since, as D is to AB, so is the square on E to the 
square on EG, 

and, as BA is to A C, so is the square on EG to the square 
on GH, 

therefore, ex aequali, as D \s to A C, so is the square on E to 
the square on GH. [v. 22] 

But D has not to AC the ratio which a square number 
has to a square number ; 

therefore neither has the square on E to the square on GH 
the ratio which a square number has to a square number ; 
therefore E is incommensurable *in length with GH. [x. 9] 
And since, as BA is to A C, so is the square on EG to 
the square on GH, 

therefore the square on EG is greater than the square on GH. 

L^t then the squares on GH, K be equal to the square 
on EG-, 
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therefore, convertendo, as A B is to BC, so is the square on FG 
to the square on K. [v. 19, For.] 

But AB has to BC the ratio which a square number has 
to a square number ; 

therefore the square on FG also has to the square on K the 
ratio which a square number has to a square number ; 
therefore FG is commensurable in length with K. [x. 9] 

Therefore the square on FG is greater than the square on 
GH by the square on a straight line commensurable with FG. 

And FG, GH are rational straight lines commensurable 
in square only, and neither of them is commensurable in length 
with E. 

Therefore FH is a third binomial straight line. 

Q. E. D. 


I.et p be a rational straight line. 

Take the numbers q (/«’ — qt^, 

and let / be a third number which is not a square and which has not to qn^ 


or q (n^ - «’) the ratio of square to square. 

Take x such that p : qm^ =p‘ : (1). 

Thus X is rational and P (2). 

Next suppose that qm^ : q (w® - «®) = x® (3). 

It follows that^ is rational and x (4). 

Thus (x +_y) is a binomial straight line. 

Again, from (i) and (3), ex aequali, 

p : <7 (w® - «®) = p® ;/ (5), 

whence y 9 (6). 

Suppose that -y^ ~ z^. 

Then, from (3), convertendo, 

gm^ : qn^ = 


whence z x. 


Thus Jx’^-y’^'^x, 

and X, y are both w p ; 

therefore is a third binomial straight line. 

m Jq 

Vw® --n^ • s]g 


Now, from (i), 


and, by (5), y^p 

Thus the third binomial is 




p(w+ 

which we may write in the form 



PROPOSITIONS so, St 


109 


X- 50. si] 

The corresponding third apotome [x. 87] is 

m . p — m . p -Ji —W 

The two expressions are accordingly the roots of the equation 
- 2m Jk . px + X^m^kp' = o, 
or — 2aX + W* = o, 

where a-m Jk . p. 

See also note on x. S3 fif*-)- 


Proposition 51.' 


To find the fourth binomial straight line. 

Let two numbers AC, CB be set out such that AB 
neither has to BC, nor yet to AC, the ratio 
which a square number has to a square number. 

Let a rational straight line D be set out, 
and let EF\i^ commensurable in length with D\ 
therefore EF is also rational. 

Let it be contrived that, as the number BA 
is to A C, so is the square on EF to the square 
on EG ; [x. 6, Por.] 

therefore the square on EF is commensurable 
with the square on EG ; [x. 6] 

therefore EG is also rational. 


Now, since BA has not to AC the ratio which a square 
number has to a square number, 

neither has the square on EE to the square on EG the ratio 
which a square number has to a square number ; 
therefore EE is incommensurable in length with E'G. [x. 9] 
Therefore EE, EG are rational straight lines commen- 
surable in square only ; 
so that EG is binomial. 


I say next that it is also a fourth binomial straight line. 
For since, as BA is to AC, so is the square on EE to the 
square on EG, 

therefore the square on EE is greater than the square on EG. 

Let then the squares on EG, H be equal to the square 
on EE', 
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therefore, convertendo, as the number AB is to BC, so is the 
square on EF to the square on H. [v. 19, For.] 

But AB has not to BC the ratio which a square number 
has to a square number ; 

therefore neither has the square on EF to the square on H 
the ratio which a square number has to a square number. 

Therefore EF is incommensurable in length with H ; [x. 9] 
therefore the square on EF is greater than the square on GF 
by the square on a straight line incommensurable with EF. 

And EF, FG are rational straight lines commensurable in 
square only, and EF is commensurable in length with D. 
Therefore EG is a fourth binomial straight line. 

Q. n. D. 


Take numbers m, n such that {m + n) has not to either m ox n the ratio of 
square to square. 

Take x such that n) : ky : 

whence 


X = ip , 


m + n 


ji + 


say. 


kp 

Then kp + jc, or kn + , is a fourth binomial straight line. 

Vi + A. 

For is incommensurable in length with kp, and kp is com- 

mensurable in length with p. 

The corresponding afotome [x. 88] is 

kp--===. 

V I + A 

The equation of which the two expressions are the roots is 

X^ - 2kp . X + = O, 


or 

where 


X^ — 2 ax + 


I + A 
a = kpA 


a^ = o, 


Proposition 52. 

To find the fifth binomial straight line. 

Let two numbers AC, CB be set out such that AB has 
not to either of them the ratio which a square number has 
to a square number ; 

let any rational straight line D be set out. 
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and let EF be commensurable with D ; 
therefore EF is rational. 

Let it be contrived that, as CA is to AB, so is the 
square on EF to the square on EG. [x. 6, Por.] 

But CA has not to AB the ratio which a 
square number has to a square number ; 
therefore neither has the square on EF to the 
square on EG the ratio which a square number 
has to a square number. 

Therefore EF, EG are rational straight 
lines commensurable in square only ; [x. 9] 

therefore EG binomial. [x. 36] 

I say next that it is also a fifth binomial straight line. 

For since, as CA is to AB, so is the square on EF tc 
the square on EG, 

inversely, as BA is to AC, so is the square on EG to the 
square on EE ; 

therefore the square on GE is greater than the square on E'E. 

Let then the squares on EF, H be equal to the square 
on GF-, 

therefore, conventendo, as the number AB \s to BC, so is the 
square on GE to the square on H. [v. 19, Por.] 

But AB has not to BC the ratio which a square number 
has to a square number ; 

therefore neither has the square on EG to the square on H 
the ratio which a square number has to a square number. 

Therefore EG is incommensurable in length with H •, [x. 9] 

so that the square on EG is greater than the square on EE 
by the square on a straight line incommensurable with EG. 

And GE, EE are rational straight lines commensurable 
in square only, and the lesser term EE is commensurable in 
length with the rational straight line D set out. 

Therefore EG is a fifth binomial straight line. 

Q. E. D. 



If tn, n be numbers of the kind taken in the last proposition, take x such 
that 

m . (m \ n) = '■ 



II2 


BOOK X 


[x- 52. 53 


In this case x = kp 

= kp s/i + A, say, 

and X > kp. 

Then kp + A + is a fifth binomial straight line. 

For or . kp, is incommensurable in length with kp ^ i + A, 

or x) 

and kp, but not kp Ji + k, is commensurable in length with p. 

The corresponding apotome [x. 89] is 

kp s / 1 + X-~ kp. 

The equation of which the fifth binomial and the fifth apotome are the 
roots is 

a;’ — 2kp Vi + A . a: + XJPp^ = o, 

or ap“ — 20a; + ^ ■ ■ a** = o, 

I + A 

where a = kp >Ji + A. 



Proposition 53. 

To find the sixth binomial straight line. 

Let two numbers AC, CB be set out such that AB has 
not to either of them the ratio which a 
square number has to a square number ; A 
and let there also be another number D 
which is not square and which has not to 
either of the numbers BA, AC the ratio q 
which a square number has to a square 
number. b 

Let any rational straight line E be set 

out, 

and let it be contrived that, as D is to AB, 
so is the square on E to the square on EG ; [x. 6, For. 

therefore the square on E is commensurable with the squan 
on EG. [x. 6 

And E is rational ; 
therefore EG is also rational. 

Now, since D has not to AB the ratio which a squar 
number has to a square number, 
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neither has the square on E to the square on FG the ratio 
which a square number has to a square number ; 
therefore E is incommensurable in length with FG. [x. 9] 
Again, let it be contrived that, as BA is to A C, so is the 
square on FG to the square on GH. [x. 6, Por.] 

Therefore the square on FG is commensurable with the 
square on HG. [x. 6] 

Therefore the square on HG is rational ; 
therefore HG rational. 

And, since BA has not to AC the ratio which a square 
number has to a square number, 

neither has the square on FG to the square on GH the ratio 
which a square number has to a square number ; 
therefore FG is incommensurable in length with GH. [x. 9] 
Therefore FG, GH are rational straight lines commen* 
surable in square only ; 

therefore FH is binomial. [x. 36] 


It is next to be proved that it is also a sixth binomial 
straight line. 

For since, as D is to AB, so is the square on F to the 
square on FG, 

and also, as BA is to AC, so is the square on FG to the 
square on GH, 

therefore, ex aeqtuili, as D is to AC, so is the square on E 
to the square on GH. [v. 22] 

But D has not to AC the ratio which a square number 
has to a square number ; 

therefore neither has the square on F to the square on GH 
the ratio which a square number has to a square number ; 
therefore E is incommensurable in length with GH. [x. 9] 
But it was also proved incommensurable with FG ; 
therefore each of the straight lines FG, GH is incommen- 
surable in length wtth E. 

And, since, as BA is to AC, so is the square on FG to 
the square on GH, 

therefore the square on FG is greater than the square on GH. 

Let then the squares on GH, K be equal to the square 
on FG ; 


H. E. III. 


8 
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^^t^ioxQ,convertendOf a.s A JB is to SC, so is the square on SG 
to the square on K. [v. 19 . Po*"-] 

But AB has not to BC the ratio which a square number 
has to a square number ; 

so that neither has the square on FG to the square on K the 
ratio which a square number has to a square number. 

Therefore FG is incommensurable in length with K ; [x. 9] 
therefore the square on FG is greater than the square on GH 
by the square on a straight line incommensurable with FG. 

hxAFG, GH zxe. rational straight lines commensurable in 
square only, and neither of them is commensurable in length 
with the rational straight line E set out. 

Therefore FH is a sixth binomial straight line. 

Q. E. D. 

Take numbers /w, n such that (m + ri) has not to either of the numbers 
n the ratio of square to square ; take also a third number /, which is not 
square, and which has not to either of the numbers {m + n\ m the ratio of 


square to square. 

Let p : {m-h n) = (i) 

and (m + n) (2). 


Then shall {x-\- y) be a sixth binomial straight line. 

For, by (i), ^ is rational and v-r p. 

By (2), since x is rational, 

y is rational and v/ x. 

Hence Xj y are rational and commensurable in square only, so that + y) 
is a binomial straight line. 

Again, ex aequali, from (i) and (2), 

/ : m = p‘:y^ (3), 

whence y ^ p. 

Thus Xf y are both incommensurable in length with p. 

Lastly, from (2), convertendo^ 

{tfi ^-n) \ n-x"^ : {x"^ 

so that Jx^ -y'^ X. 

Therefore {x + /) is a sixth binomial straight line. 

Now, from (i) and (5), 

y m-^ n ,, 

-J- = PsJh say, 

>' = P • \/^ = pV^> say, 

and the sixth binomial straight line may be written 

pjh , p'¥ sj\ . f>. 

The corresponding sixth apotome is [x. 90] 

jk.p-jk.p-, 
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and the equation of which the two expressions are the roots is 

- 2 Jk , px {k — X) o, 

or ^ — 2ax + — r— a* = o, 

A 

where a = . p. 

Tannery remarks (“De la solution g^om^trique des probl^mes du second 
degr^ avant Euclide” in Mitnoires de la Sociltt des sciences physiques et naturelles 
de Bordeaux, 2® Serie, T. iv.) that Euclid admits as binomials and apotomes 
the third and sixth binomials and apotomes which are the square roots of first 
binomials and apotomes respectively. Hence the third and sixth binomials 
and apotomes are the positive roots of biquadratic equations of the same form 
as the quadratics which give as roots the first and fourth binomials and 
apotomes. But this remark seems to be of no value because (as was pointed 
out a hundred years ago by Cossali, ii. p. 260) the squares of all the six 
binomials and apotomes (including the first and fourth) give first binomials 
and apotomes respectively. Hence we may equally well regard them all as 
roots of biquadratics reducible to quadratics, or generally as roots of equations 
of the form 

0^ ±2a.c(^ ^ ±q -O', 

and nothing is gained by raising the degree of the equations in this way. 

It is, of course, easy to see that the most general form of binomial and 
apotome, viz. 

P . sjk + p . 

give first binomials and apotomes when^uared. 

For the square is p{{h-\-\)p±2 Jkk . p] ; and the expression within the 
bracket is a first binomial or apotome, because 

(1) h ^ k> 2 JkX, 

(2) V(/^ + kf - - k — k, which is ^ (^ + k), 

(3) {k^k)pr>p. 


Lemma. 


Let there be two squares BC, and let them be placed 
so that DB is in a straight line with BE ; 
therefore FB is also in a straight line with 
BG. 

Let the parallelogram AC he completed ; 

I say that AC is ai square, that DG is a 
mean proportional between AB, BC, and 
further that DC is a mean proportional 
between AC, CB. 


B 





For, since DB is equal to BE, and BE to BG, 
therefore the whole DE is equal to the whole EG. 

But DE is equal to each of the straight lines AH, KC, 
and EG is equal to each of the straight lines AK, HC\ [i. 34] 


8—2 
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therefore each of the straight lines AH, KC is also equal to 
each of the straight lines AK, HC. 

Therefore the parallelogram AC equilateral. 

And it is also rectangular ; 
therefore AC is a. square. 

And since, as FB is to BG, so is DB to BE, 
while, as FB is to BG, so is A B to DG, 
and, as DB is to BE, so is DG to BC, [vi. i] 

therefore also, as A B is to DG, so is DG to BC. [v. n] 

Therefore DG is a mean proportional between AB, BC, 

I say next that DC is also a mean proportional between 
AC, CB. 

For since, as AD is to DK, so is KG to GC — 
for they are equal respectively — 

and, componendo, as AK is to KD, so is KC to CG, [v. i8] 
while, as AT is to KD, so is AC to CD, 
and, as KC is to CG, so is DC to CB, [vi. i] 

therefore also, as AC is to DC, so is DC to BC. [v. ii] 

Therefore DC is a mean proportional between A C, CB. 

Being what it was proposed to prove. 

It is here proved that 

3 ^-.xy-xy.p, 

and (x : (.* +y)y = (x +y)y : /. 

The first of the two results is proved in the course of x. 25 (lines 6 — 8 on 
p. 57 above). This fact may, I think, suggest doubt as to the genuineness 
of this Lemma. 

Proposition 54. 

If an area be contained by a rational straight line and the 
first binomial, the "side" of the area is the irrational straight 
line which is called binomial. 

For let the area A Che contained by the rational straight 
line AB and the first binomial AD ; 

I say that the “side” of the area AC is the irrational straight 
line which is called binomial. 

For, since AD is a first binomial straight line, let it be 
divided into its terms at E, 
and let AEhe the greater term. 
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It is then manifest that AE, ED are rational straight lines 
commensurable in square only, 

the square on A E is greater than the square on ED by the 
square on a straight line commensurable with AE, 
andAE is commensurable in length with the rational straight 
line A B set out. [x. Deff. ii. i] 

Let ED be bisected at the point F. 



Then, since the square on A E is greater than the square 
on ED by the square on a straight line commensurable with 
AE, 

therefore, if there be applied to the greater AE a parallelogram 
equal to the fourth part of the square on the less, that is, to 
the square on EF, and deficient by a square figure, it divides 
it into commensurable parts. [x. 17] 

Let then the rectangle AG, GE equal to the square on 
EF be applied to AE ; 

therefore AG is commensurable in length with EG. 

Let G//, EK, FL be drawn from G, E, F parallel to 
either of the straight lines AB, CD ; 

let the square SN be constructed equal to the parallelogram 
AH, and the square NQ equal to GK, [n. 14] 

and let them be placed so that MN is in a straight line with 
NO-, 

therefore RN is also in a straight line with NP. 

And let the parallelogram SQ be completed ; 
therefore 50 is a square. [Lemma] 

Now, since the rectangle AG, GE is equal to the square 
on EF, 

therefore, as AG is to EF, so is FE to EG ; [vi. 17] 

therefore also, as AH is to EL, so is EL to KG ; [vi. i] 
therefore EL is a mean proportional between A H, GK. 

But AH is equal to SN, and GK to NQ ; 
therefore EL is a mean proportional between SN, NQ. 
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But MR is also a mean proportional between the same 
SN,NQ-, [Lemma] 

therefore EL is equal to MR, 
so that it is also equal to PO. 

But AH, GK are also equal to SN, NQ-, 
therefore the whole AC is equal to the whole SQ, that is, to 
the square on MO ; 
therefore MO is the “side” of AC. 

I say next that MO is binomial. 

For, since AG is commensurable with G£, 
therefore AE is also commensurable with each of the straight 
lines AG, GE. [x. 15] 

But AE is also, by hypothesis, commensurable with AB ; 
therefore AG, GE are also commensurable with AB. [x. 12] 
And AB is rational ; 

therefore each of the straight lines A G, GE is also rational ; 
therefore each of the rectangles AH, GK is rational, [x. 19] 
and AH is commensurable with GK. 

But AH is equal to SN, and GK to NQ ; 
therefore SN, NQ, that is, the squares on MN, NO, are 
rational and commensurable. 

And, since AE is incommensurable in length with ED, 
while AE is commensurable with AG, and DE is commen- 
surable with EF, 

therefore AG is also incommensurable with EE, [x. 13] 

so that AH is also incommensurable with EL. [vi. i, x. n] 
But AH is equal to SN, and EL to MR ; 
therefore SN is also incommensurable with MR. 

But, as SN is to MR, so is PN to NR ; [vi. i] 

therefore PN is incommensurable with NR. [x. n] 

Put PN is equal to MN, and NR to NO ; 
therefore MN is incommensurable with NO. 

And the square on MN is commensurable with the square 
on NO, 

and each is rational ; 

therefore MN, NO are rational straight lines commensurable 
in square only. 
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Therefore MO is binomial [x. 36] and the “side” of AC. 

Q. E. D. 


2, “side.” I use the word “side” in the sense explained in the note on x. Def. 4 
(p. 13 above), i.e, as short for “side of a square equal to.” The Greek is ^ t6 
bvvafUvyj, 


A first binomial straight line being, as we have seen in x. 48, of the form 

kp-b kps/ 1 - 

the problem solved in this proposition is the equivalent of finding the square 
root of this expression multiplied by p, or of 

p (kp kp Ji - X^), 


and of proving that the said square root represents a binomial straight line 
as defined in x. 36. 

The geometrical method corresponds sufficiently closely to the algebraical 
one which we should use. 

First solve the equations 

u + v =: kp I 

uv=:lky{i-\^) j 

Then, if w, v represent the straight lines so found, put 

= pu \ 


y =pv 


and the straight line (x +y) is the square root required. 
The actual algebraical solution of (i) gives 

u-v^kp, Xf 

so that 


and therefore 


and 


X +y 


u = ^kp(i + X), 
v = lkp {i- X), 


..(I). 

•(»); 


This is clearly a binomial straight line as defined in x. 36. 

Since Euclid has to express his results by straight lines in his figure, and 
has no symbols to make the result obvious by inspecti on, he is obliged to 
prove (i) that (x + y)' is the square root of p (kp + kpji~ X^), and (2) that 
{x +y is a binomial straight line, in the following manner. 

First, he proves, by means of the preceding Lemma, that 

= (3) ; 

therefore (x + jif == + 2xy 

= p (w + ?') + 2xy 

= kp^ + ^p* Vi - X^ by (i) and (3), 

X -\-y-J p (kp + ^p Vi — X®). 


so that 
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Secondly, it results from (i), [by x. 17], that 

U Vy 

so that Uy V are both + v)y and therefore ^ ^ (4) ; 

thus Uy V are rational, 

whence pu, pv are both rational, and 

pu ^ pv. 

Therefore are rational and commensurable (5). 

Next, ip ip VT^XJ^y 
and ip Uy while ip i - ^ \ip \/i - X** ; 

therefore u w \ip \/i - X*, 

whence pu \i^ n/ i - X®, 

or ^ w xyy 

so that X \j y. 

By this and (5), Xy y are rational and so that {x-\-y) is a binomial 
straight line. [x. 36] 

X. 91 will prove in like manner that a like theorem holds for apotomeSy 
viz. that 

+^)-P Vi-X’). 

Since the first binomial straight line and the first apotome are the roots of 
the equation 

x? — 2kp . X + X^b^p* = o, 

this proposition and x. 91 give us the solution of the biquadratic equation 
St* - 2bp\ x^ + X^bi^p* = o. 


Proposition 55. 

If an area be contained by a rational straight line and the 
second binomial, the ''side" of the area is the irrational straight 
line vihich is called a first bimedial. 

For let the area ABCD be contained by the rational 
S straight line AB and the second binomial AD ; 

I say that the “side” of the area ACisa. first bimedial straight 
line. 

For, since AD is a second binomial straight line, let it be 
divided into its terms at E, so that A£ is the greater term ; 

10 therefore AE, ED are rational straight lines commensurable 
in square only, 

the square on is greater thari the square on ED by the 

square on a straight line commensurable with AE, 

and the lesser term ED is commensurable in length with AB. 

[x. DefF. II. 2] 

15 Let ED be bisected at F, 



X. ss] PROPOSITIONS 54 , 55 

and let there be applied to A E the rectangle AG, GE equal 
to the square on EF and deficient by a square figure ; 
therefore AG is commensurable in length with GE. [x. 17] 
Through G, E, F let GH, EK, FL be drawn parallel to 
^AB, CD, 

let the square SN be constructed equal to the parallelogram 
AH, and the square NQ equal to GK, 

and let them be placed so that MN is in a straight line with 
NO', 

25 therefore RN is also in a straight line with NP. 

R Q 



Let the square SQ be completed. 

It is then manifest from what was proved before that MR 
is a mean proportional between SN, NQ and is equal to EL, 
and that MO is the “side” of the area AC. 

30 Itisnowto be proved \)nAtMO is a first bimedial straight line. 

Since AE is incommensurable in length with ED, 
while ED is commensurable with AB, 

therefore AE is incommensurable with AB. [x. 13] 

And, since AG is commensurable with EG, 

35 A E is also commensurable with each of the straight lines 
AG, GE. [x. 15] 

But AE is incommensurable in length with AB ; 
therefore AG, GE are also incommensurable with AB. [x. 13] 
Therefore BA, AG and BA, GE are pairs of rational 
40 straight lines commensurable in square only ; 
so that each of the rectangles AH, GK is medial. [x. 21] 
Hence each of the squares SN, NQ is medial. 

Therefore MN, NO are also medial. 

And, since AG is commensurable in length with GE, 

45 AH is also commensurable with GK, [vi. i, x. ii] 

that is, SN is commensurable with N Q, 
that is, the square on MN with the square on NO. 
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And, since AE is incommensurable in length with ED, 
while AE is commensurable with AG, 
so and ED is commensurable with EF, 
therefore AG is incommensurable with EE; [x. 13] 

so that AH is also incommensurable with EL, 
that is, SN is incommensurable with MR, 
that is, PN with NR, [vi. i, x. n] 

55 that is, MN is incommensurable in length with NO. 

But MN, NO were proved to be both medial and com- 
mensurable in square ; 

therefore MN, NO are medial straight lines commensurable 
in square only. 


60 I say next that they also contain a rational rectangle. 

For, since DE is, by hypothesis, commensurable with each 
of the straight lines AB, EF, 

therefore EF is also commensurable with EK. [x. 1 2] 

And each of them is rational ; 

65 therefore EL, that is, MR is rational, [x. 19] 

and MR is the rectangle MN, NO. 

But, if two medial straight lines commensurable in square 
only and containing a rational rectangle be added together, the 
whole is irrational and is called a first bimedial straight line. 

70 Therefore MO is a first bimedial straight line. 

Q. E. D. 


39. Therefore BA, AG and BA, GE are pairs of rational straight lines com- 
mensurable in square only. The text has “Therefore A Gy GE are rational straight 

lines commensurable in square only,” which I have altered because it would naturally convey 
the impression that any two of the three straight lines are commensurable in square only, 
whereas A Gy GE are commensurable in length ( 1 . i8), and it is only the other two pairs 
which are commensurable in square only. 

A second binomial straight line being [x. 49] of the form 

— + kfiy 

A* 



the present proposition is equivalent to finding the square root of the expression 


P 


( 




n/i-X* 


+ 
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As in the last prop)Osition, Euclid finds v from the equations 

kp 


u + z/ = 



then finds ^ from the equations 


0(^~pU 


and then proves (a) that 


= pu) 
= pv) 


•(2). 


X 




and (P) that {x +y) is a first bimedial straight line [x. 37]. 

The steps in the proof are as follows. 

For (a) reference to the corresponding part of the previous proposition 
suffices. 


(P) By (i) and x. 17, 


u v ; 


therefore w, v are both rational and ^ (u+v)y and therefore p [by (i)]- -(s)* 
Hence pu^ pVy or y\ are medial areas, 

so that Xy y are also medial (4)* 

But, since u Vy 

0^ rs 

kp 


(5)- 


Again (« + v)y or 


, y kpy 

U vy \kpy 

pU \y ^^p^t 


Ji 

so that 
whence 

or X* V/ xyy 

and xs^y 

Thus [(4), (5), (6)] Xy y are medial and 
Lastly, xy = \k^y which is rational. 

Therefore {x+y) is a first bimedial straight line. 
The actual straight lines obtained from (i) are 

1 ^ ^ z. ' 

u — k , - — kp 


.( 6 ). 


x/7-x* 

I — X 




n/i -X’* 


so that 


lk/i+X\^ — 

^WiViTAj- 


The corresponding first apotome of a medial straight line found in x. 92 
being the same thing with a minus sign between the terms, the two expressions 
are the roots of the biquadratic 


- 


2 kp^ 




X* 




n/i -X* " ' I - ' 

being the equation in corresponding to that in x in x. 49. 
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Proposition 56. 

If an area be contained by a rational straight line and the 
third binomial, the ''side" of the area is the irrational straight 
line called a second bimedial. 

For let the area ABCD be contained by the rational 
straight line AB and the third binomial AD divided into its 
terms at E, of which terms AE \s the greater ; 

I say that the “side" of the area AC \s the irrational straight 
line called a second bimedial. 

For let the same construction be made as before. 



Now, since AD is a. third binomial straight line, 
therefore AE, ED are rational straight lines commensurable 
in square only, 

the square on AE is greater than the square on ED by the 
square on a straight line commensurable with AE, 
and neither of the terms AE, ED is commensurable in length 
with AB. [x- Deff. II. 3] 

Then, in manner similar to the foregoing, we shall prove 
that MO is the “side” of the area AC, 

and MN, NO are medial straight lines commensurable in 

square only ; 

so that MO is bimedial. 

It is next to be proved that it is also a second bimedial 
straight line. 

Since DE is incommensurable in length with AB, that is, 
with EK, 

and DE is commensurable with EF, 

therefore EF is incommensurable in length with EK. [x. 13] 
And they are rational ; 
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therefore FE, EK are rational straight lines commensurable 
in square only. 

Therefore EL, that is, MR, is medial. [x. 21] 

And it is contained by MN, NO ; 
therefore the rectangle MN, NO \s medial. 

Therefore MO is a second bimedial straight line. [x. 38] 

Q. E. D. 

This proposition in like manner is the equivalent of finding the square 
toot of the product of p and the third binomial [x. 50], i.e. of the expression 

pUk.p^ ^k.p4V^\ 

As before, put 

U + V=Jk.p \ 

= / 

Next, V being found, let 

= pu, 

y=pv; 

then (x +y) is the square root required and is a sfi:ond bimedial straight line. 

[x. 38] 

For, as in the last proposition, it is proved that {x +^) is the square root, 
and Xy y are medial and 

Again, xy=^\Jk.p^ - A®, which is medial. 

Hence (x is a second bimedial straight line. 

By solving equations (i), we find 

^ ~ \ ^ • P ^ 

• p)t 

and x+y = p „J ^ (i + ^) + p (i - 

The corresponding second apotome of a medial found in x. 93 is the same 
thing with a minus sign between the terms, and the two are the roots (cf. note 
on X. 50) of the biquadratic equation 

X* — 2 Jk. pV + b?kp* = o. 


Proposition 57. 

ly an area be contained by a rational straight line and the 
fourth binomial, the ''side" of the area is the irrational straight 
line called major. 

For let the area AC he contained by the rational straight 
line AB and the fourth binomial AD divided into its terms 
at E, of which terms \et A E he the greater ; 

I say that the “side” of the area AC is the irrational straight 
line called major. 
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For, since is a fourth binomial straight line, 
therefore ED are rational straight lines commensurable 
in square only, 

the square on AE is greater than the square on ED by the 
square on a straight line incommensurable with AE, 
and AE is commensurable in length with AB. [x. Deff. ii. 4] 
Let DE be bisected at F, 

and let there be applied to AE a parallelogram, the rectangle 
AG, GE, equal to the square on EF\ 

therefore is incommensurable in length with GE, [x. 18] 
Let GH, EK, FL be drawn parallel to AB, 
and let the rest of the construction be as before ; 
it is then manifest that MO is the “side” of the area AC. 


R Q 



It is next to be proved that MO is the irrational straight 
line called major. 

Since AG is incommensurable with EG, 

AH is also incommensurable with GK, that is, SN with N Q ; 

[vi. I, X. ii] 

therefore MN, NO are incommensurable in square. 

And, since AE is commensurable with AB, 

AK is rational ; [x- >' 9 ] 

and it is equal to the squares on MN, N O ; 

therefore the sum of the squares on MN, NO is also rational. 

And, since DE is incommensurable in length with AB, 
that is, with EK, 

while DE is commensurable with EF, 

therefore EF is incommensurable in length with EK. [x. 13] 
Therefore EK, EF are rational straight lines commen- 
surable in square only ; 

therefore LE, that is, MR, is medial. [*• 2*] 

And it is contained by MN, N O ; 
therefore the rectangle MN, NO is medial. 
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And the [sum] of the squares on MN, NO is rational, 
and MN, NO are incommensurable in square. 

But, if two straight lines incommensurable in square and 
making the sum of the squares on them rational, but the 
rectangle contained by them medial, be added together, the 
whole is irrational and is called major. [x. 39] 

Therefore MO is the irrational straight line called major 
and is the “side” of the area AC. Q. e. d. 


The problem here is to find the square root of the expression [cf. x. 51] 


The procedure is the same. 
Find V from the equations 

W + 


uv^\ 


I -f- A. 


(>), 


and, if x^-pu ) , . 

<=>■ 

{x +y) is the required square root. 

To prove that {x +^) is the viajor irrational straight line Euclid argues 


thus. 

By X. 18, « w V, 

therefore pu pVy 

or x^ ^ 

so that xy^y (3). 

Now, since (u + v)^ p, 

{u + v) p, or {x^ +y^)j is a rational area (4). 

kf? 

Lastly, xy ~\ — , which is a medial area (S)* 

VI 

Thus [(3), (4), (5)] (x-\-y) is a major irrational straight line. [x. 39] 

Actual solution gives 


and J 


The corresponding square root found in x. 94 is the minor irrational 
straight line, the terms being separated by a minus sign, and the two straight 
lines are the roots (cf. note on x. 51) of the biquadratic equation 

X^ - 2kp^ . X^ + 7 ^^ ~ 
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Proposition 58. 

If an area be contained by a rational straight line and the 
fifth binomial the "■side” of the area is the irrational straight 
line called the side of a rational plus a medial area. 

For let the area AC he contained by the rational straight 
line AB and the fifth binomial AD divided into its terms at 
£, so that AE IS the greater term ; 

I say that the “side” of the area AC \s the irrational straight 
line called the side of a rational plus a medial area. 

For let the same construction be made as before shown; 
it is then manifest that MO is the “side” of the area AC. 


A Q E F 0 R Q 



S P 


It is then to be proved that MO is the side of a rational 
plus a medial area. 

For, since AG is incommensurable with GE, [x. 18] 

therefore AH is also commensurable with HE, [vi. i, x. 11] 
that is, the square on MN with the square on NO ; 
therefore MN, NO are incommensurable in square. 

And, since AD is a. fifth binomial straight line, and ED 
the lesser segment, 

therefore ED is commensurable in length with AB. 

fx. Deff. u. 5] 

But AE is incommensurable with ED ; 
therefore AB is also incommensurable in length, with AE, 

[x. 13] 

Therefore AK, that is, the sum of the squares on MN, 
NO, is medial. [x. 21] 

And, since DE is commensurable in length with AB, that 
is, with EK, 

while DE is commensurable with EF, 
therefore EF is also commensurable with EK. 


[x. 12] 
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X. s8] 

And EK is rational ; 

therefore EL, that is, MR, that is, the rectangle MN, N O, is 
also rational. [x. 19] 

Therefore MN, NO are straight lines incommensurable 
in square which make the sum of the squares on them medial, 
but the rectangle contained by them rational. 

Therefore MO is the side of a rational plus a medial area 
[x. 40] and is the “side” of the area AC. 

Q. E. D. 


We have here tu find the square root of the expression [cf. x. 52] 
P (^P \/ 1 + ^ + ^p)- 

As usual, we put 


}i + V - Ap J i + \ ) , . 

uv^lAY i 


) 


uv 

'rhen, tiy V being found, we take 

-- f}U 

and (.V + v), so founu, is our required square root. 
Euclid’s proof of the class of {x +/) is as follows : 
By X. 18 , w w r; 

therefore pu v./ pv, 

so that XT w y% 

and X ^ y 

Next u^v ^ kp 


(2), 


(3). 


Pi 

whence p {u + ?'), or {x^ +/“), is a medial area (4). 

Lastly, xy - which is a rational area (5). 


Hence [(3), (4), (5)] (a’+^) is the side of a rational plus a medial area, 

[X. 40] 

If we solve algebraically, we obtain 


^ ~ ~2 ^ “ >/^)> 

and x+y ~p ^ I + A -f f\) + p \J ^ (\/i + A — JX), 

The corresponding '‘side^' found in x. 95 is a straight line which produces 
with a rational area a medial whole, being of the form {x —y), where y 
have the same values as above. 

I'he two square roots are (cf. note on x. 52) the roots of the biquadratic 
equation 

x^ - 2kp^ Ji + A . a:® + Xk^p* = o. 


H. E. III. 


9 
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Proposition 59. 

If an area be contained by a rational straight line and the 
sixth binomial, the “side" of the area is the irrational straight 
line called the side of the sum of two medial areas. 

For let the area A BCD be contained by the rational 
straight line AB and the sixth binomial AD, divided into its 
terms at E, so that AE h the greater term ; 

I say that the “side” of AC is the side of the sum of two 
medial areas. 

Let the same construction be made as before shown. 



It is then manifest that MO is the “side” of AC, and 
that MN is incommensurable in square with NO. 

Now, since Ey\ is incommensurable in length with AB, 
therefore EA, AB are rational straight lines commensurable 
in square only ; 

therefore AK, that is, the sum of the squares on MN, NO, 
is medial. [x. 21] 

Again, since ED is incommensurable in length with AB, 
therefore EE is also incommensurable with EK ; [x. 13] 

therefore FE, EK are rational straight lines commensurable 
in scjuart; only ; 

therefore El., that is, MR, that is, the rectangle MN, NO, is 
medial. [x. 21] 

And, since AE is incommen.surable with EE, 

AK is also incommensurable with EL. [vi. i, x. ii] 

But AK is the sum of the squares on MN, NO, 
and EL is the rectangle MN, NO ; 

therefore the sum of the squares on MN, NO is incommen- 
surable with the rectangle MN, NO. 

And each of them is medial, and MN, NO are incom- 
mensurable in square. 
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Therefore MO is the side of the sum of two medial areas 
[x. 41], and is the “side” of AC. 


Q. E. D. 


Euclid here finds the square root of the expression [cf. x. 53] 

p{^i.p + p). 

As usual, we solve the equations 

u + v= ^ 

uv = ) 

then, «, V being found, we put 

jt:® = pw I 
y^ = pv ) 


(i); 




and {x + y) is the square root required. 

Euclid proves that (x +y) is the side of (the sum of) two medial areaSy as 
follows. 

As in the last two propositions, Xy y are proved to be incommensurable 


in square. 

Now Jk . py p are commensurable in square only ; 

therefore p (u + v)y or (x^ -^y% is a medial area (3), 

Next, xy ~ ^ p\ which is again a fnedial area (4). 

Lastly, , p ^ ^ Jk . py 

so that \/^ • p® 1 . P* ; 

that is, (x^ +y^) xy (5). 


Hence [(3), (4), (5)] (x +y) is the side of the sum of two medial areas. 
Solving the equations algebraically, we have 


w = ^ (s]h + — A.), 


^ (slh-Jk-k)^ 

and X + j — A) + pj^{>sjh ~ Jh- A). 

The corresponding square root found in x. 96 is x—yy where Xy y are the 
same as here. 

The two square roots are (cf. note on x. 53) the roots of the biquadratic 
equation 

x*-2 Jh, pV + (^ - A)p* = o. 


[Lemma. 

If a straight line be cut into unequal parts, the squares 
on the unequal parts are greater 

than twice the rectangle con- ^ 1 » ? 

tained by the unequal parts. 

Let AB he 3i straight line, and let it be cut into unequal 
parts at C, and let AC he the greater ; 

I say that the squares on A C, CB are greater than twice the 
rectangle A C, CB. 


9—2 
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For let AB be bisected at D. 

Since then a straight line has been cut into equal parts 
at D, and into unequal parts at C, 

therefore the rectangle AC, CB together with the square on 
CD is equal to the square on AD, [n. 5] 

so that the rectangle AC, CB is less than the square ox\ AD •, 
therefore twice the rectangle A C, CB is less than double of 
the square on AD. 

But the squares on AC, CB are double of the squares on 
AD, DC ; [n. 9] 

therefore the squares on A C, CB are greater than twice the 
rectangle AC, CB. 

Q. E. D,] 

We have already remarked (note on x. 44) that the Lemma here proving 
that 

2xy 

can hardly be genuine, since the result is used in X..44. 


Proposition 6o. 


K M 


The square on the binomial straight line applied to a 
rational straight line produces as breadth the first binomial. 

Let AB be a binomial straight line divided into its terms 
at C, so that A C is the greater term ; 
let a rational straight line DE be 
set out, 

and let DEFG equal to the square 
on AB be applied to DE producing 
DG as its breadth ; 

I say that DG is a first binomial 
straight line. 


For let there be applied to DE the rectangle DH equal 
to the square on AC, and KL equal to the square on BC', 
therefore the remainder, twice the rectangle A C, CB, is equal 
to ME, 

Let MG be bisected at N, and let NO be drawn parallel 
[to ML or GF\ 

■ Therefore each of the rectangles MO, NF is equal to 
once the rectangle AC, CB. 

Now, since AB \%z. binomial divided into its terms at C, 
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X. 60] 

therefore AC, CB are rational straight lines commensurable 
in square only ; [x. 36] 

therefore the squares on AC, CB are rational and commen- 
surable with one another, 

so that the sum of the squares op A C, CB is also rational. 

[x- *5] 

And it is equal to DL ; 
therefore DL is rational. 

And it is applied to the rational straight line DE;, 
therefore DM is rational and commensurable in length with 
DE. [x. 20] 

Again, since A C, CB are rational straight lines commen- 
surable in square only, 

therefore twice the rectangle A C, CB, that is ME, is medial. 

And it is applied to the rational straight line ML ; 
therefore MG is also rational and incommensurable in length 
with AfL, that is, DE. [x. 22] 

But MD is also rational and is commensurable in length 
with DE : 

therefore DM is incommensurable in length with MG. [x. 13] 
And they are rational ; 

therefore DM, MG are rational straight lines commensurable 
in square only ; 

therefore DG is binomial. [x. 36] 

It is next to be proved that it is also a first binomial 
straight line. 

Since the rectangle A C, CB is a mean proportional between 
the squares on AC, CB, [cf. Lemma after x. 53] 

therefore MO is also a mean proportional between DH, KL. 

Therefore, as DH is to MO, so is MO to KL, 
that is, as DK is to MN, so is MN to MK; [vi. i] 

therefore the rectangle DK, KM is equal to the square 
on MN. [vi. 17] 

And, since the square on AC is commensurable with the 
square on CB, 

DH is also commensurable with KL, 

so that DK is also commensurable with KM. [vi, i, x. u] 
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And, since the s’quares on AC, CB are greater than twice 
the rectangle AC, CB'i [Lemma] 
therefore DL is also greater than MF, 

so that DM is also greater than MG. [vi. i] 

And the rectangle DK, KM is equal to the square on 
MN, that is, to the fourth part of the square on MG, 
and DK is commensurable with KM. 

But, if there be two unequal straight lines, and to the greater 
there be applied a parallelogram equal to the fourth part of 
the square on the less and deficient by a square figure, and 
if it divide it into commensurable parts, the square on the 
greater is greater than the square on the less by the square 
on a straight line commensurable with the greater ; [x. 17] 

therefore the square on DM is greater than the square on 
MG by the square on a straight line commensurable with DM. 
And DM, MG are rational, 

and DM, which is the greater term, is commensurable in length 
with the rational straight line DE set out. 

Therefore DG is a first binomial straight line. [x. Deff. ii. i] 

Q. E. D. 

In the hexad of propositions beginning with this we have the solution of 
the converse problem to that of x. 54 — 59. We find the squares of the 
irrational straight lines of x. 36 — 4t and prove that they are respectively equal 
to the rectangles contained by a rational straight line and the first, second, 
third, fourth, fifth and sixth binomials. 

In X. 60 we prove that, p + fk . p being a binomial straight line [x. 36], 

(p + fh. pf 

(T 

is a first binomial straight line, and we find it geometrically. 

The procedure may be represented thus. 

Take jv, z such that 

(TX - p^, 
ay ~ kp^ 

a , 2 Z = 2 Jk , p^, 

p\ kp^ being of course the squares on the terms of the original binomial, 
and 2 Jk , p^ twice the rectangle contained by them. 

Then (x +y) a- 2z~ , 

cr 

and we have to prove that {x+y) + 2z is a first binomial straight line of which 
2Z are the terms and (x-hy) the greater. 

Euclid divides the proof into two parts, showing first that {x +y) 2z is 
some binomial, and secondly that it is the first binomial. 
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(a) p 'w . p, SO that p*, kp^ are rational and commensurable ; 
therefore p* + kp\ or <r {x + j^), is a rational area, 

whence (jc +>') is rational and o* (t). 

Next, 2p . Jk . p is a medial area, 
so that o- . 20 is a medial area, 

whence 22? is rational but (2). 

Hence [(i), (2)] (.r + j/), 2Z are rational and commensurable in square 

only (3) ; 

thus (jc +_j») + 28 is a straight line. (x. 36] 

(/ 8 ) p^ -. 

SO that (TX : (TZ ~ <rz : cr^, 

and X : z ~ z \ 

or J( 23 )“ (4). 

Now p‘^, kp^ are commensurable, so that o-x, ay are commensurable, and 
therefore 

(s)- 

And, since [Lemma] p- + ^'p^ 2 . p\ 

X + y > 2Z. 


But {x -^-y) is given, being etjual to 


p^ + V 
a 


( 6 ). 


Therefore [(4), (5), (6), and x. 17] J{x +>')'* - (as)® ^ (.r +y). 
And {x +y), 2s are rational and [(3)], 
while {x +y) ^ <r [(i)]. 

Hence {x +y) + 28 is a ^rs( binomial. 

The actual value of +^) + 28 is, of course, 

^ (i + ^ + 2 ..jk). 


Proposition 61. 

The square on the first bimedial straight line applied to a 
rational straight line produces as breadth the second binomial. 

Let AB be a first bimedial straight line divided into its 
medials at C, of which medials A(. 
is the greater ; 

let a rational straight line DE be set 
out, 

and let there be applied to DE the 
parallelogram DE equal to the square 
on AB, producing DG as its breadth ; 

1 say that DG is a second binomial 
straight line. 

For let the same construction as before be made. 



A ^ B 
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Then, since AB is a first bimedial divided at C, 
therefore AC, CB are medial straight lines commensurable in 
square only, and containing a rational rectangle, [x. 37] 

so that the squares on AC, CB are also medial. [x. 21] 

Therefore DL is medial. [x. 15 and 23, For.] 

And it has been applied to the rational straight line DE ; 
therefore MD is rational and incommensurable in length 
with DE. [x. 22] 

Again, since twice the rectangle A C, CB is rational, ME is 
also rational. 

And it is applied to the rational straight line ML ; 
therefore MG is also rational and commensurable in length 
with ML, that is, DE ; [x. 20] 

therefore DM is incommensurable in length with MG. [x. 13] 
And they are rational ; 

therefore DM, MG are rational straight lines commensurable 
in square only ; 

therefore DG is binomial. [x. 36] 

It is next to be proved that it is also a second binomial 
straight line. 

For, since the squares on AC, CB are greater than twice 
the rectangle AC, CB, 
therefore DL is also greater than MF, 

so that DM is also greater than MG. [vi. i] 

And, since the square on AC is commensurable with the 
square on CB, 

DH is also commensurable with KL, 

so that DK is also commensurable with KM. [vi. 1, x. ii] 
And the rectangle DK, KM is equal to the square on MN-, 
therefore the square on DM is greater than the square on 
MG by the square on a straight line commensurable with DM. 

[x. 17] 

And MG is commensurable in length with DE. 

Therefore DG is a second binomial straight line. [x. Deff. ii. 2] 

In this case we have to prove that, {^p + f^p) being a first bimedial 
Straight line, as found in x. 37, 

cr 

IS a second binomial straight line. 
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X. 61, 62] 


The form of the proposition and the figure being similar to those of x. 60, 
I can somewhat abbreviate the reproduction of the proof. 

Take x, 0 such that 

crx = ^ 

<ry = -4 V. 

O- . 20 - 2^/0®. 

Then shall (a: +_y) + 20 be a second binomial. 

(a) are medial straight lines commensurable in square only and 


\ / I f I - - - a * 

containing a rational rectangle. 37 J 

The squares ^^p^, are medial ; 

thus the sum, or a (jc +^), is medial. [x. 23, Por.] 

Therefore {x +y) is rational and cr. 

And or . 20 is rational ; 

therefore 20 is rational and cr (i). 

Therefore {x +y), 20 are rational and (2), 


so that {x +_y) + 20 is a binomial. 

(/?) As before, {x + j) > 20. 

Now, ^^p^, ^^p^ being commensurable. 


X y. 

And xy = 0“, 

... -4V + /^V 

while X y = . 

cr 

Hence [x. 17] J'(x +yf - {2zf ^ {x +_v) ( 

But 2z ''or, by (i). 

Therefore [(i), (2), (3)] (.v +y) + 22 is a second binomial straight line. 
Of course (x +y) + 22 = ^ { ^-4 (t + - 4 ) + 2k\. 


Proposition 62. 

The square on the second bimedial straight line applied to 
a rational straight line produces as breadth the third binomial. 

Let AB be a second bimedial straight line divided into 
its medials at C, so that AC is the 
greater segment ; 

let DE be any rational straight line, 
and to DE let there be applied the 
parallelogram DF equal to the square 
on AB and producing DG as its 
breadth ; 

I say that DG is a third binomial 
straight line. 

Let the same construction be made as before shown. 
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Then, since AB is a second bimedial divided at C, 
therefore AC, CB are medial straight lines commensurable in 
square only and containing a medial rectangle, [x. 38] 

so that the sum of the squares on A C, CB is also medial. 

[x. 15 and 23 For.] 

And it is equal to DL ; 
therefore DL is also medial. 

And it is applied to the rational straight line DE ; 
therefore MD is also rational and incommensurable in length 
with DE. [x. 22] 

For the same reason, 

MG is also rational and incommensurable in length with ML, 
that is, with DE ; 

therefore each of the straight lines DM, MG is rational and 
incommensurable in length with DE. 

And, since A C is incommensurable in length with CB, 
and, as AC is to CB, so is the square on A C to the rectangle 
AC, CB, 

therefore the square on AC is also incommensurable with the 
rectangle AC, CB. [x. ii] 

Hence the sum of the squares on AC, CB is incommen- 
surable with twice the rectangle AC, CB, [x. 12, 13] 

that is, DL is incommensurable with ME, 
so that DM is also incommensurable with MG. [vi. i, x. ii] 
And they are rational ; 

therefore DG is binomial, [x. 36] 

It is to be proved that it is also a third binomial straight line. 
In manner similar to the foregoing we may conclude that 
DM is greater than MG, 
and that DK is commensurable with KM. 

And the rectangle DK, KM is equal to the square on 
MN; 

therefore the square on DM is greater than the square on 
MG by the square on a straight line commensurable with 
DM. 

And neither of the straight lines DM, MG is commen- 
surable in length with DE. 

Therefore DG is a third binomial straight line. [x. Deff. n. 3] 

Q. E. D. 
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X. 62, 63] 

We have to prove that [cf. x. 38] 

is a third binomial straight line. 

Take z such that 

ax = 




O' . 20 = 2 ^X . P^ 


(a) Now h^py -y arc medial straight lines commensurable in square only 


and containing a medial rectangle. 

The sum of the squares on them, or o* (.v + j), is medial ; 

therefore (.v +y) is rational and ^ (r 

And or . 2z being medial also, 

22 is rational and o- 


[x. 38] 

(>)■ 

..(2). 


Now = (k^pf : k^p . 

= cr^: aZf 

whence <rx yj crz. 

But {k^py ^ + (^) } * <rx a {x +^), and 0-0 ^ o- . 20 j 

therefore a'(.3r + j) o- . 20, 

or {x-hy)yj2Z (3). 

Hence [(i), (2), (3)] {x +y) 20 is a binomial straight line (4)r 

(P) As before, (x +y) > 20, 

and X '^y. 


Also 


xy = 


Therefore [x. 17] >/{x +yy -{^zf {x +yy 
And [(i), (2)] neither {x'¥y) nor 20 is o*. 

Therefore {x + j) + 20 is a third binomial straight line. 

Obviously (jc + j) + 20 = ^ ^ ^ * 


Proposition 63. 

The square on the major straight line applied to a rational 
straight line produces as breadth the fourth binomial. 

Let AB be a major straight line divided at C, so that AC 
is greater than CB ; 
let DE be a rational straight line, 
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[x. 63 


and to DE let there be applied the parallelogram DF equal 
to the square on A B and producing DG as its breadth ; 

I say that DG is a fourth binomial 

straight line. p km n q 

Let the same construction be 
made as before shown. 

Then, since AB 2, major 
straight line divided at C _J _ 

o ^ ^ H L O F 

AC, CB are straight lines incom- 

mensurable in square which make * ^ 

the sum of the squares on them 

rational, but the rectangle contained by them medial. [x. 39] 
Since then the sum of the squares on A C, CB is rational, 
therefore DL is rational ; 

therefore DM is also rational and commensurable in length 
with DE. 20] 

Again, since twice the rectangle AC, LB, that is, ME, is 
medial, 

and it is applied to the rational straight line ML, 
therefore MG is also rational and incommensurable in length 
with DE ; [^- 22] 

therefore DM is also incommensurable in length with MG. 

[x- 13] 

Therefore DM, MG are rational straight lines commen- 
surable in square only ; 

therefore DG is binomial. [x. 36] 


It is to be proved that it is also a fourth binomial straight line. 
In manner similar to the foregoing we can prove that 
DM is greater than MG, 

and that the rectangle DK, KM is equal to the square on MN. 

Since then the square on A C is incommensurable with the 
square on CB, 

therefore DH is also incommensurable with KL, 
so that DK is also incommensurable with KM. [vi. i, x. n] 
But, if there be two unequal straight lines, and to the 
greater there be applied a parallelogram equal to the fourth 
part of the square on the less and deficient by a square 
figure, and if it divide it into incommensurable parts, then the 
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square on the greater will be greater than the square on the 
less by the square on a straight line incommensurable in 
length with the greater ; [x. 18] 

therefore the square on DM is greater than the square on 
MG by the square on a straight line incommensurable with 
DM. 


And DM, MG are rational straight lines commensurable 
in square only, 

and DM is commensurable with the rational straight line DE 
set out. 

Therefore DG is a fourth binomial straight line. [x. DefF. n. 4] 

Q. E, D. 

We ha ,'e to prove that [cf. x. 39] 

^T2s/ s/rr^} 


is a fourth bhiomial straight line. 

For brevity we must call this expression 

i + vf. 

Take jr, z such that 

crx = I 

try = 7^* 'r , 

(T . 2Z - 2UV / 

wherein it has to be remembered [x. 39] that //, v are incommensurable in 
square, is ratipnal, and uv is medial. 


(a) (iP' + and therefore a {x +y\ is rational ; 

therefore {x +y) is rational and ^ o- (i). 

2uv^ and therefore cr. 23;, is medial; 

therefore 2Z is rational and sy o- (2). 

Thus {x + j), 2Z are rational and (3), 

so that (jc + j) + 221 is a binomial straight line. 


()8) As before, 
and 

Now, since tP ^ z/*, 


X ^-y > 2Zy 

xy — P, 


(TX N-r cry, or X ^y. 

Hence [x. i8] >/(x +>>)* - (22)* (x + j) 

And (jc +J') '' <r, by (i). 

Therefore [(3), (4)] (x +j>) + 22 i$ ^fourth binomial straight line. 

It is of course - fi + .-I— . 

<»■ I ^ I ■¥!!?) 


( 4 ). 
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K M 


H L 


Proposition 64. 

The square on the side of a rational plus a medial area 
applied to a rational straight line produces as breadth the fifth 
binomial. 

Let AB he the side of a rational plus a medial area, 
divided into its straight lines at C, 
so that A C is the greater ; 
let a rational straight line DE be set 
out, 

and let there be applied to DE the 
parallelogram DE equzX to the square 

on AB, producing DG as its breadth ; ^ ^ ^ 

I say that DG is a fifth binomial 
straight line. 

Let the same construction as before be made. 

Since then AB is the side of a rational plus a medial 
area, divided at C, 

therefore CB are straight lines incommensurable in square 
which make the sum of the squares on them medial, but the 
rectangle contained by them rational. 4 °] 

Since then the sum of the squares on AC, CB is medial, 
therefore DL is medial, 

so that DM is rational and incommensurable in length with 
DE. 

Again, since twice the rectangle ^C, CB, that is ME, is 
rational, 

therefore MG is rational and commensurable with DE. [x. 20] 
Therefore DM is incommensurable with MG ; [x. 13] 

therefore DM, MG are rational straight lines commensurable 
in square only ; 

therefore DG is binomial. [x- 36] 


I say next that it is also a fifth binomial straight line. 

For it can be proved similarly that the rectangle DK, KM 
is equal to the square on MN, 

and that DK is incommensurable in length with KM ; 
therefore the square on DM is greater than the square on MG 
by the square on a straight line incommensurable with DM. 
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And DM, MG are commensurable in square only, and the 
less, MG, is commensurable in length with DE. 

Therefore DG is a fifth binomial. 

Q. E. u. 

To prove that [cf. x. 40] 

i j \/jl+/!‘+k+ , ^ s/\/ 1 + 

1^2(1 +/t’‘) v/2(i+>t‘) ) 

is a fifth binomial straight line. 

For brevity denote it by ^ {u + vf^ and put 

ax - - 
ay - z^, 
fT . 20 - 2 UV, 

Remembering that [x. 40] u“ ^ v\ {u^ + v^) is medial, and 2uv is rational, 
we proceed thus. 

(a) cr(ji; -^-y) is medial ; 

therefore (x + r) is rational and ^ a (i). 

Next, a . 20 is rational ; 

therefore 20 is rational and ^ <r (2). 

'I'hus {x + j), 20 are rational and ^ (3), 

so that +7) 4- 2z is a binomial straight line. 

{P) As before, x + j > 20, 

xy^z\ 

and X 

Therefore [x. 18] \l(x -f v)“ — (20)*-^ {x +y) (4). 

Hence [(2), (3), (4)] {x +/) + 20 is a fifth binomial straight line. 

T • r ^ * 1 

It IS of course \ ^ — — + \ . 


Proposition 65. 

The square on the side of the sum of two Medial areas 
applied to a rational straight line produces as breadth the 
sixth binoMial. 

Let AB be the side of the sum of two medial areas, 
divided at C, 

let DE be a rational straight line, 

and let there be applied to DE the parallelogram DF equal 
to the Square on AB, producing DG as its breadth ; 
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I say that DG is a sixth binomial straight line. 

For let the same construction be made as before. 

Then, since AB the side of 
the sum of two medial areas, divided 
at C 

therefore AC, CB are straight lines 
incommensurable in square which 
make the sum of the squares on 
them medial, the rectangle contained 
by them medial, and moreover the 
sum of the squares on them incom- 
mensuriible with the rectangle contained by them, [x. 41] 

so that, in accordance with what was before proved, each of 
the rectangles DL, MF is medial. 

And they are applied to the rational straight line DE ; 

therefore each of the straight lines DM, MG \s rational and 
incommensurable in length with DE. [x. 22] 

And, since the sum of the squares on A C, CB is incom- 
mensurable with twice the rectangle A C, CB, 

therefore DL is incommensurable with MF. 


Therefore DM is also incommensurable with MG ; 

[vi. I, X. Il] 

therefore DM, MG are rational straight lines commensurable 
in square only ; 

therefore DG is binomial. [x. 3^1 


I say next that it is also a sixth binomial straight line. 
Similarly again we can prove that the rectangle DK, KM 
is equal to the square on MN, 

and that DK is incommensurable in length with KM’, 

and, for the same reason, the square on DM is greater than 
the square on MG by the square on a straight line incom- 
mensurable in length with DM. 

And neither of the straight lines DM, MG \s commen- 
surable in length with the rational straight line DE set out. 
Therefore DG is a sixth binomial straight line. 

Q« B!* D. 
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is a sixtA binomial straight line. 
Denote it by ~ + z;)^ and put 


<TX = 
crj^ = z^, 

<r . 22? = 2 UV, 

Now, by X. 41, (u^ + is medial, 2uv is medial, and 

+ V^) yj 2 UV, 

(a) In this case cr(jt: +^) is medial ; 

therefore is rational and a (i). 

In like manner, 2Z is rational and a- (2). 

And, since <r{x^y)^<r,2Zy 

(x+y)^ 2 Z (3). 

Therefore {x -{-y) + 22? is a binomial straight line. 

{P) As before, x-¥y'> 2Z^ 

xy = 2;^, 



therefore [x. 18] ^{x +yy - {zzf yj {x + y) (4). 

Hence [(i), (2), (3), (4)] {x ^-y) + 22: is a sixth binomial straight line. 

Tf 10 ^ f i 1 


It is obviously — I \/^ + - 1 • 

«r r 


Proposition 66. 

A straight line commensurable in length with a binomial 
struight line is itself also binomial and the same in order. 

Let AB be binomial, and let CD be commensurable in 
length with AB ; 



I say that CD is binomial and the same in order with AB. 

For, since AB is binomial, 
let it be divided into its terms at B, 
and let AE he the greater term ; 


U. E. III. 


10 
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therefore AE, EB are rational straight lines commensurable 


in square only. 3^] 

Let it be contrived that, 

as AB is to CD, so is AE to CE; [vi. i*] 

therefore also the remainder EB is to the remainder FD as 
AB is to CD. [v- 19] 

But AB is commensurable in length with CD\ 
therefore AE is also commensurable with CF, and EB with 
FD. [x- ”] 

And AE, EB are rational ; 
therefore CF, FD are also rational. 

And, as A E is to CF, so is EB to FD. [v. it] 


Therefore, alternately, as AE is to EB, so is CF to FD. 

[v. 16] 

But AE, EB are commensurable in square only ; 

therefore CF, FD are also commensurable in square only. 

[x. Il] 

And they are rational ; 

therefore CD is binomial. [x. 36] 


I say next that it is the same in order with AB. 

For the square on A E is greater than the square on EB 
either by the square on a straight line commensurable with 
AE or by the square on a straight line incommensurable 
with it. 

If then the square on A E is greater than the square on 
EB by the square on a straight line commensurable with AE, 

the square on CB" will also be greater than the square on FD 
by the square on a straight line commensurable with CF. 

[x. 14] 

And, if AE is commensurable with the rational straight 
line set out, CF will also be commensurable with it, [x. 12] 
and for this reason each of the straight lines AB, CD is a 
first binomial, that is, the same in order. [x. Deff. n. 1] 

But, if EB is commensurable with the rational straight line 
set out, FD is also commensurable with it, [x. 12] 

and for this reason again CD will be the same in order with 
AB, 

for each of them will be a second binomial. 


[x. Deff. II. 2] 
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But, if neither of the straight lines AB, EB is commen- 
surable with the rational straight line set out, neither of the 
straight lines CF, FD will be commensurable with it, [x. 13] 

and each of the straight lines AB, CD is a third binomial. 

[x. Deff. 11. 3] 


But, if the square on AE is greater than the square on 
EB by the square on a straight line incommensurable with 


AE, 


the square on CF is also greater than the square on FD by 
the square on a straight line incommensurable with CF. [x. 14] 
And, if AE is commensurable with the rational straight 
line set out, CF is also commensurable with it. 


and each of the straight lines AB, CD is a fourth binomial. 

[x. Deff. II. 4] 

But, if EB is so commensurable, so is FD also. 


and each of the straight lines AB, CD will be a fifth binomial. 

[x. Deff. II. 5] 

But, if neither of the straight lines AE, EB is so com- 
mensurable, neither of the straight lines CF, FD is commen- 
surable with the rational straight line set out, 

and each of the straight lines AB, CD will be a sixth binomial. 

[x. Deff. II. 6] 

Hence a straight line commensurable in length with a 
binomial straight line is binomial and the same in order. 

Q. E. D. 


The proofs of this and the following propositions up to x. 70 inclusive are 
easy and require no elucidation. They are equivalent to saying that, if in each 

of the preceding irrational straight lines ~ is substituted for p, the resulting 

irrational is of the same kind as that from which it is altered. 


Proposition 67. 

A straight line commensurable in length with a bimedial 
straight line is itself also bimedial and the same in order. 

Let AB bimedial, and let CD be commensurable in 
length with AB ; 

I say that CD is bimedial and the same I ? 

in order with AB. 9 f 0 

For, since AB is bimedial, 
let it be divided into its medials at F ; 


10 — 2 
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[x. 67 

therefore AB, EB are medial straight lines commensurable 


in square only. [x. 37, 38] 

And let it be contrived that, 
as AB is to CD, so is AE to CF ; 

therefore also the remainder EB is to the remainder FD as 
AB is to CD. [v. 19] 

But AB is commensurable in length with CD ; 

therefore AE, EB are also commensurable with CF, FD 
respectively. [x. ii] 

But AE, EB are medial ; 

therefore CF, FD are also medial. [x. 23] 

And since, as A E is to EB, so is CF to FD, [v. n] 

and AE, EB are commensurable in square only, 

CF, FD are also commensurable in square only. [x. iij 

But they were also proved medial ; 
therefore CD is bimedial. 


I say next that it is also the same in order with AB. 

For since, as AE is to EB, so is CF x.q FD, 

therefore also, as the square on A E is to the rectangle AE, 
EB, so is the square on CF to the rectangle CF, FD ; 

therefore, alternately, 

as the square on AE is to the square on CF, so is the rect- 
angle AE, EB to the rectangle CF, FD. [v. 16] 

But the square on AE is commensurable with the square 
on CF-, 

therefore the rectangle AE, EB is also commensurable with 
the rectangle CF, FD. 

If therefore the rectangle AE, EB is rational, 
the rectangle CF, FD is also rational, 

[and for this reason CD is a first bimedial] ; [x. 37] 

but if medial, medial, [x. 23, For.] 

and each of the straight lines AB, CD is a second bimedial. 

[X. 38] 

And for this reason CD will be the same in order with AB. 

Q. E. D. 
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Proposition 68 . 

A straight line commensurable with a major straight 
line is itself also major. 

Let AB\i^ major, and let CD be commensurable with AB\ 
I say that CD is major. 

Let AB be divided 2X E •, ^ 

therefore AE, EB are straight lines incommensur- c 

able in square which make the sum of the squares e 
on them rational, but the rectangle contained by 
them medial. [x. 39] q d 

Let the same construction be made as before. 

Then since, a.s A B is to CD, so is AE to CE, and EB 
to ED, 


therefore also, as A E is to CE, so is EB to ED. [v. n] 

But AB is commensurable with CD; 
therefore AE, EB are also commensurable with CF, FD 
respectively. [x. u] 

And since, as is to CF, so is EB to FD, 
alternately also, 

as A E is to EB, so is CF to FD ; [v. 16] 

therefore also, componendo, 

as AB is to BE, so is CD to DF; [v. 18] 

therefore also, as the square on A B is to the square on BE, 
so is the square on CD to the square on DF. [vi. 20] 


Similarly we can prove that, as the square on AB is to 
the square on AE, so also is the square on CD to the square 
on CF. 

Therefore also, as the square on A Bis to the squares on 
AE, EB, so is the square on CD to the squares on CF. FD ; 
therefore also, alternately, 

as the square on AB is to the square on CD, so are the 
squares on AE, EB to the squares on CF, FD. [v. 16] 

But the square on AB is commensurable with the square 
on CD ; 

therefore the squares on AE, EB are also commensurable 
with the squares on CF, FD. 
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And the squares on AE, EB together are rational ; 
therefore the squares on CF, FD together are rational. 

Similarly also twice the rectangle AE, EB is commen- 
surable with twice the rectangle CF, FD. 

And twice the rectangle AE, EB is medial ; 

therefore twice the rectangle CF, FD is also medial. 

[x. 23, For.] 

Therefore CF, FD are straight lines incommensurable in 
square which make, at the same time, the sum of the squares 
on them rational, but the rectangle contained by them medial ; 
therefore the whole CD is the irrational straight line called 
major. t*’ 

Therefore a straight line commensurable with the major 
straight line is major. 

Q. E. D. 

Proposition 69. 

A straight line commensurable with the side of a rational 
plus a medial area is itself also the side of a rational plus a 
medial area. 

Let AB be the side of a rational plus a medial area, 
and let CD be commensurable with AB ; 
it is to be proved that CD is also the side of a a 
rational plus a medial area. ^ 

Let AB be divided into its straight lines at E ; 
therefore AE, EB are straight lines incommensur- 
able in square which make the sum of the squares E- ^ 
on them medial, but the rectangle contained by them 
rational. ® 

Let the same construction be made as before. 

We can then prove similarly that 
CF, FD are incommensurable in square, 
and the sum of the squares on AE, EB is commensurable 
with the' sum of the squares on CF, FD, 
and the rectangle AE, EB with the rectangle CF, FD ; 
so that the sum of the squares on CF, FD is also medial, and 
the rectangle CF, FD rational. 

Therefore CD is the side of a rational plus a medial area. 

Q. E. D. 



X. 70, 7i] 


PROPOSITIONS 68—71 


Proposition 70. 

A straight line commensurable with the side of the sum 
of two medial areas is the side of the sum of two medial areas. 

Let AB the side of the sum of two medial areas, and 
CD commensurable with AB ; 

it is to be proved that CD is also the side of the a 
sum of two medial areas. c 

For, since AB is the side of the sum of two 
medial areas, g p. 

let it be divided into its straight lines at E ; 
therefore AE, EB are straight lines incommensur- ^ 

able in square which make the sum of the squares B' 
on them medial, the rectangle contained by them 
medial, and furthermore the sum of the squares on AE, EB 
incommensurable with the rectangle AE, EB. [x. 41] 

Let the same construction be made as before. 

We can then prove similarly that 
CF, FD are also incommensurable in square, 
the sum of the squares on AE, EB is commensurable with 
the sum of the squares on CF, FD, 
and the rectangle AE, EB with the rectangle CF, FD ; 
so that the sum of the squares on CF, FD is also medial, 
the rectangle CF, FD is medial, 

and moreover the sum of the squares on CF, FD is incom- 
mensurable with the rectangle CF, FD. 

Therefore CD is the side of the sum of two medial areas. 

Q. E. D. 

Proposition 71. 

If a rational and a medial area be added together, four 
irrational straight lines arise, namely a binomial or a first 
bimedial or a major or a side of a rational plus a medial 
area. 

het.AB be rational, and CD medial ; 

I say that the “side” of the area AD is a binomial or a first 
bimedial or a major or a side of a rational plus a medial 
area. 



BOOK X 


IS* 


[x. 71 


For AB xs, either greater or less than CD. 

First, let it be greater ; 
let a rational straight line EF be set out, 
let there be applied to EF the rectangle EG equal to AB, 
producing EH as breadth, 

and let HI, equal to DC, be applied to EF, producing HK 
as breadth. 



Then, since AB is rational and is equal to EG, 
therefore .£'<7 is also rational. 

And it has been applied to EF, producing EH breadth; 
therefore EH is rational and commensurable in length with 
EF. [x. 20] 

Again, since CD is medial and is equal to HI, 
therefore HI is also medial. 

And it is applied to the rational straight line EF, pro- 
ducing HK as breadth ; 

therefore HK is rational and incommensurable in length 
with EF [x. 22] 

And, since CD is medial, 
while AB is rational, 

therefore AB is incommensurable with CD, 
so that EG is also incommensurable with HI. 

But, a,s is to HI, so is EH to HK ; [vi. i] 

therefore EH is also incommensurable in length with HK. 

[x. Il] 

And both are rational ; 

therefore EH, HK are rational straight lines commensurable 
in square only ; 

therefore EK is a binomial straight line, divided at H. [x. 36] 
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And, since is greater than CD, 
while AB is equal to £G and CD to HI, 
therefore EG is also greater than HI 
therefore EH is also greater than HK. 

The square, then, on EH is greater than the square on 
HK either by the square on a straight line commensurable 
in length with EH or by the square on a straight line in- 
commensurable with it. 

First, let the square on it be greater by the square on a 
straight line commensurable with itself. 

Now the greater straight line HE is commensurable in 
length with the rational straight line EF set out ; 
therefore EK is a first binomial. [x. Defif. ii. ij 

But EF is rational ; 

and, if an area be contained by a rational straight line and the 
first binomial, the side of the square equal to the area is 
binomial. [x. 54] 

Therefore the “side" of El is binomial ; 
so that the “side” oi AD is also binomial. 


Next, let the square on EH be greater than the square 
on HK by the square on a straight line incommensurable 
with EH. 

Now the greater straight line EH is commensurable in 
length with the rational straight line EF set out ; 
therefore EK is a fourth binomial. [x. Deff. n. 4] 

But EF is rational ; 

and, if an area be contained by a rational straight line and the 
fourth binomial, the “side” of the area is the irrational straight 
line called major. [x. 57] 

Therefore the “side” of the area El is major ; 
so that the “side” of the area AD is also major. 

Next, let AB he less than CD ; 
therefore EG is also less than HI, 
so that EH is also less than HK. 

N ow the square on HK is greater than the square on EH 
either by the square on a straight line commensurable with 
HK or by the square on a straight line incommensurable 
with it. 
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First, let the square on it be greater by the square on a 
straight line commensurable in length with itself. 

Now the lesser straight line EH is commensurable in 
length with the rational straight line EF set out ; 
therefore EK is a second binomial. [x. Deff. ii. 2] 

But EF is rational , 

and, if an area be contained by a rational straight line and 
the second binomial, the side of the square equal to it is a 
first bimedial ; fx- 5 S] 

therefore the “side” of the area El is a first bimedial, 
so that the “side” o( A Z) is also a first bimedial. 

Next, let the square on //A' be greater than the square 
on HE by the square on a straight line incommensurable 
with HK. 

Now the les.ser straight line EH is commensurable with 
the rational straight line EF set out ; 

therefore EK is a fifth binomial. [x. Deff. 11. 5] 

But EF is rational ; 

and, if an area be contained by a rational straight line and the 
fifth binomial, the side of the .square equal to the area is a 
side of a rational plus a medial area. [x. 58] 

Therefore the “side” of the area El is a side of a rational 
plus a medial area, 

so that the “side” of the area AD is also a side of a rational 
plus a medial area. 

Therefore etc. Q. e. d. 

A rational area being of the form k(?, and a medial area of the form 
. p”, the problem is to classify 

according to the different possible relations between k, X. 

Put eru = kf?, 

<TV = ^X . {?. 

Then, since the former rectangle is rational, the latter medial, 
u is rational and '' <r, 

7/ is rational and >./ o-. 

Also the rectangles are incommensurable ; 
so that u V V. 

Hence u, v are rational and ; 
whence (« + p) is a binomial straight line. 
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The possibilities now are as follows : 

I. u > v» 

Then either 

( I ) J Uy 

or (2) u, 

while in both cases u or. 

In case (i) (^/ + is a ^rsf binomial straight line, 
and in case (2) {u 7f) is a fourth binomial straight line. 

Thps sl^\u + v) is either (i) a straight line [x. 54] or (2) a major 

irrational straight line [x. 57]. 

II. v> u. 

Then either 

(i) s] ^ V, 

or (2) 

while in both cases z; tr, but 

Hence, in case (i), {v + u) is a second binomial straight line, 
and, in case (2), {v 4- n) is a fifth binomial straight line. 

Thus jVJvVu) is either (i) a first bimedial straight line [x. 55], or (2) a 
side of a rational plus a medial area [x. 58]. 


Proposition 72. 

If two medial areas incommensurable with one another be 
added together^ the remaining two irrationcil straight lines 
arise ^ namely either a second bimedial or a side of the sum of 
two medial areas. 

For let two medial areas AB^ CD incommensurable with 
one another be added together ; 

I say that the ‘‘side” of the area AD is either a second 
bimedial or a side of the sum of two medial areas. 


A c 


B o 



For AB is either greater or less than CD. 

First, if it so chance, let ABh^ greater than CD. 

Let the rational straight line EF be set out, 
and to EF let there be applied the rectangle EG equal to 
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< 4 B and producing EH as breadth, and the rectangle HI 
jqual to CD and producing HK as breadth. 

Now, since each of the areas AB, CD is medial, 
herefore each of the areas EG, HI is also medial. 

And they are applied to the rational straight line FE, 
3roducing EH, HK as breadth ; 

;herefore each of the straight lines EH, HK is rational and 
ncommensurable in length with EF. [x- 22] 

And, since AB is incommensurable with CD, 
ind AB is equal to EG, and CD to HI, 
therefore EG is also incommensurable with HI. 

But, as EG is to HI, so is EH to HK ; [vi. i] 

therefore EH\% incommensurable in length with HK. [x. ii] 
Therefore EH, HK are rational straight lines commen- 
surable in square only ; 

therefore EK is binomial. 36] 

But the square on EH is greater than the square on HK 
either by the square on a straight line commensurable with 
EH or by the square on a straight line incommensurable 
with it. 

First, let the square on it be greater by the square on a 
straight line commensurable in length with itself. 

Now neither of the straight lines EH, HK is commen- 
surable in length with the rational straight line EF out ; 
therefore EK is a third binomial. [x- Deff. u. 3] 

But EF is rational ; 

and, if an area be contained by a rational straight line and the 
third binomial, the “side” of the area is a second bimedial ; 

[x. 56] 

therefore the “side” of El, that is, of AD, is a second bimedial. 

Next, let the square on EH be greater than the square 
on HK by the square on a straight line incommensurable in 
length with EH. 

Now each of the straight lines EH, HK is incommen- 
surable in length with EF‘, 

therefore EK is a sixth binomial. [x- Deff. n. 6] 

But, if an area be contained by a rational straight line and 
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the sixth binomial, the “side” of the area is the side of the 
sum of two medial areas ; [x. 59] 

so that the “side” of the area AD is also the side of the 
sum of two medial areas. 

Therefore etc. 

Q. E. D. 

We have to classify, according to the different possible relations between 
ky A, the straight line 

where and . p- are incommensurable. 

Suppose that <tu- Jk. p^ 

(TV = . p-. 

It is immaterial whether or VA.p- is the greater. Suppose, e.g., 

that the former is. 

Now, Jk, p^ being both medial areas, and a rational. 


Uy V are both rational and o- (i). 

Again, by hypothesis, (tu kj 

or u V (2). 

Hence [(i), (2)] {u + 2^) is a binomial straight line. 


Next, sJu^-'V^ is either commensurable or incommensurable in length 
with u, 

(a) Suppose ^ 7? ^ u. 

In this case {u + z') is a third binomial straight line, 
and therefore [x. 56] 

\/(r (u -H v') is a second bimedial straight line. 

{P) If ^ «, 

(u + li) is a sixth binomial straight line, 
and therefore [x. 59] 

\/(r (« + v) is a side of the sum of two medial areas. 


The binomial straight line and the irrational straight lines 
after it are neither the same with the medial nor with one 
another. 

For the square on a medial, if applied to a rational straight 
line, produces as breadth a straight line rational and incom- 
mensurable in length with that to which it is applied. [x. 22] 
But the square on the binomial, if applied to a rational 
straight line, produces as breadth the first binomial. [x. 60] 
The square on the first bimedial, if applied to a rational 
straight line, produces as breadth the second binomial, [x. 61] 
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The square on the second bimedial, if applied to a rational 
straight line, produces as breadth the third binomial. [x. 62] 
The square on the major, if applied to a rational straight 
line, produces as breadth the fourth binomial. [x- 63] 

The square on the side of a rational plus a medial area, if 
applied to a rational straight line, produces as breadth the fifth 
binomial. [x- 64] 

The square on the side of the sum of two medial areas, if 
applied to a rational straight line, produces as breadth the 
sixth binomial. [x. 65] 

And the said breadths differ both from the first and from 
one another ; from the first because it is rational, and from 
one another because they are not the same in order ; 
so that the irrational straight lines themselves also differ from 
one another. 


The explanation after x. 72 is for the purpose, of showing that all . the 
irrational straight lines treated hitherto are different from one another, viz. the 
medial, the six irrational straight lines beginning with the binomial, and the 
six consisting of the first, second, third, fourth, fifth and sixth binomials. 


Proposition 73. 

If from a rational straight line there be subtracted a 
rational straight line commensurable with the whole in square 
only, the remainder is irrational ; and let it be called an 

apotome. 

For from the rational straight line AB let the rational 
straight line BC, commensurable with 

the whole in square only, be sub- a c b 

tracted ; 

I say that the remainder AC is the irrational straight line 
called apotome. 

For, since AB is incommensurable in length with BC, 
and, as A B is to BC, so is the square on A B to the rectangle 
AB, BC, 

therefore the square on AB is incommensurable with the 
rectangle AB, BC. fx. n] 

But the squares on AB, BC are commensurable with the 
square on AB, [x. 15] 

and twice the rectangle AB, BC is commensurable with the 
rectangle AB, BC. [x. 6] 
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And, inasmuch as the squares on BC are equal to 
twice the rectangle AB^ BC together with the square on CA^ 

7] 

therefore the squares on AB, BC are also incommensurable 
with the remainder, the square on AC. [x. 13, 16] 

But the squares on AB, BC are rational ; 
therefore AC is irrational. [x. Def. 4] 

And let it be called an apotome. 

Q. E. D. 

Euclid now passes to the irrational straight lines which are the difference 
and not, as before, the sum of two straight lines. Apotome (“portion cut off”) 
accordingly takes the place of binomial and the other terms follow mutatts 
mutandis. The first hexad of propositions (73 to 78) exhibit the six irrational 
straight lines which are really the result of extracting the square root of the six 
irrationals in the later propositions 85 to 90 (or, strictly speaking, of finding 
the sides of squares equal to the rectangles formed by each of those six 
irrational straight lines respectively with a rational straight line). Thus, just 
as in the corresponding propositions about the irrational straight lines formed 
by addition, the further removed irrationals, so to speak, come first. 

We shall denote the apotome etc. by (x -7), which is formed by subtracting 
a certain lesser straight line from a greater x. In x. 79 and later propositions 
y is called by Euclid the annex {y TrpoaapfAolovaa)^ being the straight line which, 
when added to the apotome or other irrational formed by subtraction, makes 
up the greater x. 

The methods of proof are exactly the same as in the preceding propositions 
about the irrational straight lines formed by addition. 

In this proposition jv, y are rational straight lines commensurable in square 
only, and we have to prove that {x - j), the apotomcy is irrational. 

^ ^ so that X s^y: 

therefore, since x :y^x- : xy, 

X- w xy. 

But x^ ^ (x* +y), and xy 2xy ; 
therefore x“ +y^ 2xy, 

whence {x -yf ^ 

But +y) is rational , 

therefore {x -y)^, and consequently {x ~ j), is irrational. 

The apotome {x — ^) is of the form f> ~ . />, just as the binomial straight 

line is of the form ^Jk.p. 


Proposition 74. 

If front a medial straight line there be subtracted a medial 
straight line which is commensurable with the whole in square 
only, and which contains with the whole a rational rectangle, 
the remainder is irrational. And let it be called a first 
apotome of a medial straight line. 
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For from the medial straight line AB let there be sub- 
tracted the medial straight line BC 

which is commensurable with AB 'xw ^ $ ? 

square only and with AB makes the 
rectangle AB, BC rational ; 

I say that the remainder AC is irrational ; and let it be 
called a first apotome of a medial straight line. 

For, since AB, BC are medial, 
the squares ow AB, BC are also medial. 

But twice the rectangle AB, BC is rational ; 

therefore the squares on AB, BC are incommensurable with 
twice the rectangle AB, BC\ 

therefore twice the rectangle AB, BC is also incommensurable 
with the remainder, the square on A C, [cf. n. 7 ] 

since, if the whole is incommensurable with one of the magni- 
tudes, the original magnitudes will also be incommensurable. 

. , tx- 16] 

But twice the rectangle AB, BC is rational ; 
therefore the square on .<4 C is irrational ; 
therefore AC is irrational. [x. Def. 4] 

And let it be called a first apotome of a medial straight 
line. 

The Jirs^ apotome of a medial straight line is the difference between straight 

lines of the form which are medial straight lines commensurable in 

square only and forming a rational rectangle. 

By hypothesis, are ?nedial areas. 

And, since xy is rational, (x^ '\-f)^xy 

V/ 2 xy^ 

whence (x -yf v/ 2xy, 

But 2xy is rational ; 

therefore {x- and consequently {x-y)y is irrational. 

This irrational, which is of the form (^p ^®p), is the first apotome of a 
medial straight line \ the term corresponding of course to first bimedialy which 
applies where the sign is positive. 
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Proposition 75. 

If from a medial straight line there be subtracted a medial 
straight line which is commensurable with the whole tn square 
only, and which contains with the . whole a medial rectangle, 
the remainder is irrational ; and let it be called a second 
apotome of a medial straight line. 

For from the medial straight line AB let there be sub- 
tracted the medial straight line CB which is commensurable 
with the whole AB in square only and such that the rectangle 
AB, BC, which it contains with the whole AB, is medial; [x. 28] 

I say that the remainder AC is irrational; and let it be called 
a second apotome of a medial straight line. 

AC B 

— I 

D ^ 


HE 


For let a rational straight line DI be set out, 
let DE equal to the squares on AB, BC be applied to DI, 
producing DG as breadth, 

and let DH equal to twice the rectangle AB, BC be applied 
to DI, producing DF as breadth ; 

therefore the remainder FE is equal to the square on AC. 

[n.7] 

Now, since the squares on AB, BC are medial and 
commensurable, 

therefore DE is also medial. [x. 15 and 23, Por.] 

And it is applied to the rational straight line DI, producing 
DG as breadth ; 

therefore DG is rational and incommensurable in length 
with DI. [x. 22] 

Again, since the rectangle AB, BC is medial, 

therefore twice the rectangle AB, BC is also medial. 

[x. 23, Por.] 


H. B. III. 


II 
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And it is equal to DH ; 
therefore DH is also medial. 

And it has been applied to the rational straight line DI, 
producing DF as breadth ; 

therefore DF is rational and incommensurable in length 
with DI. [x. 22] 

And, since AB, BC are commensurable in square only, 
therefore AB is incommensurable in length with BC ; 
therefore the square on A B is also incommensurable with the 
rectangle AB, BC. [x. n] 

But the squares on AB, BC are commensurable with the 
square on AB, [x. 15] 

and twice the rectangle AB, BC is commensurable with the 
rectangle AB, BC ; [x. 6] 

therefore twice the rectangle AB, BC is incommensurable with 
the squares on AB, BC. [x. 13] 

But DE is equal to the squares on AB, BC, 
and DH to twice the rectangle AB, BC ; 
therefore DE is incommensurable with DH. 

But, as DE is to DH, so is GD to DF-, [vi. i] 

therefore GD is incommensurable with DF. [x. n] 

And both are rational ; 

therefore GD, DF 2x0 rational straight lines commensurable 
in square only ; 

therefore FG is an apotome. [x. 73] 

But DI is rational, 

and the rectangle contained by a rational and an irrational 
straight line is irrational, [deduction from x. 20] 

and its “side” is irrational. 

And AC is the “side” of FE ; 
therefore AC is irrational. 

And let it be called a second apotome of a medial 
straight line. 

Q. E. D. 

We have here the difference between k^p, . p/^, two medial straight 
lines commensurable in square only and containing a medial rectangle. 

Apply each of the areas {x^+y^), 2xy to a rational straight line <r, i.e. 
suppose that 

+y = au, 

2xy = <jv. 
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Then <tu, <w are medial areas, 

so that u, V are both rational and ^ a (i). 

Again, x ^ y, 

therefore x^ xy, 

and consequently ^ + y w ixy, 

or au yj (TV, 

^nd u yj V 

Thus [(i), (2)] u, V are rational and ; 
therefore [x. 73] ijt-v) is an apotome, 
and, (u — v) being thus irrational, 

(u — v)<T is an irrational area. 

Hence {x -yY, and consequently {x -y), is irrational. 

The irrational straight line l^p ~ is called a second apotome of a 

medial straight line. 


Proposition 76. 

If jyom a straight line there be subtracted a straight line 
which is incommensurable in square with the whole and which 
with the whole makes the squares on them added together 
rational, but the rectangle contained by them medial, the 
remainder is irrational ; and let it be called minor. 

For from the straight line AB let there be subtracted the 
straight line BC which is incom- 
mensurable in square with the whole A $ ^ 

and fulfils the given conditions. [x. 33] 

I say that the remainder AC '\s the irrational straight line 
called minor. 

For, since the sum of the squares on AB, BC is rational, 
while twice the rectangle AB, BC is medial, 

therefore the squares on AB, BC are incommensurable with 
twice the rectangle AB, BC’, 

and, convertendo, the squares on AB, BC are incommensurable 
with the remainder, the square on A C. [ii. 7, x. 16] 

But the squares on AB, BC are rational ; 
therefore the square on .<4 C is irrational ; 
therefore AC is irrational. 

And let it be called minor. 


Q. E. D. 
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X, y are here of the form found in x. 33, viz. 

By hypothesis {x’^ + 7 ^) is a rational^ xy a medialy area. 

Therefore {x^ -f >'*) w 2xyy 

whence (x {x^ 

Therefore >')^ and consequently {x—y\ is irrational. 

The minor (irrational) straight line is thus of the form 

P j ^ ^ / 

7 V ‘ 7r+^ V 2 V * 

Observe the use of convertendo {dvaajpixl/avrC) for the inference that, since 
{x^-i-y^) V-/ 2xyy {x^+y^) ^ {x—yy. The use of the word corresponds exactly 
to its use in proportions. 


Proposition 77. 

1 / from a straight line there be subtracted a straight line 
which is incommensurable in square with the whole, and which 
with the whole makes the sum of the squares on them medial, 
but twice the rectangle contained by them rational, the remainder 
is irrational: and let it be called that which produces with 
a rational area a medial whole. 

For from the straight line AB let there be subtracted the 
straight line BC which is incommensurable in square 
with AB and fulfils the given conditions ; [x. 34] 

I say that the remainder AC is the irrational straight 
line aforesaid. 

For, since the sum of the squares on AB, BC is 
medial, 

while twice the rectangle AB, BC is rational, 

therefore the squares on AB, BC are incommensurable 8 

with twice the rectangle AB, BC ; 

therefore the remainder also, the square on AC, is incom- 
mensurable with twice the rectangle AB, BC. [n. 7, x. i6] 

And twice the rectangle AB, BC is rational ; 
therefore the square on C is irrational ; 
therefore AC is irrational. 

And let it be called that which produces with a 
rational area a medial whole. 

Q. E. D. 
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Here x, j' are of the form [cf. x. 34] 
\/ 




By hypothesis, (0^ + is a medial^ ocy a rational^ area ; 
thus {x^ 4- w 2xy^ 

and therefore {^-yf ^ 2:^^, 

whence {x — and consequently {x -y), is irrational. 
The irrational straight line 


\/ 2 ( I + ^) 


J s/i 




j'ji+k^-k 


<^2(1 + k ‘‘) 

is called that which produces with a rational area a medial whole or more 
literally that which with a rational area makes the whole medial {i} fiera {nfrov 
fiiaov TO oXov fl-oiowo). Here “ produces ” means “ produces when a square 
is described on it.” A clearer way of expressing the meaning would be to call 
this straight line the “side” of a medial minus a rational area corresponding 
to the “side” of a rational plus a medial area [x. 40]. 


Proposition 78. 

If from a straight line there be subtracted a straight line 
which is incommensurable in square with the whole and which 
with the whole makes the sum of the squares on them medial, 
twice the rectangle contained by them medial, and further the 
squares on them incommensurable with twice the rectangle 
contained by them, the remainder is irrational ; and let it be 
called that which produces with a medial area a 
medial whole. 

For from the straight line AB let there be subtracted the 
straight line BC incommensurable in 
square with AB and fulfilling the 
given conditions ; [x. 35] 

I say that the remainder AC is the 
irrational straight line called that 
which produces with a medial 
area a medial whole. 

For let a rational straight line DI 
be set out, 

to DI let there be applied DE equal to the squares on AB, 
BC, producing DG as breadth, 

and let DH equal to twice the rectangle AB, BC be 
subtracted. 


p r O 
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[x. 78 


Therefore the remainder FE is equal to the square 
on AC, [ii. 7] 

so that AC is the “ side ” of FE. 

Now, since the sum of the squares on A B, EC is medial 
and is equal to DE, 

therefore DE is medial. 

And it is applied to the rational straight line DI, producing 
DG as breadth ; 

therefore DG is rational and incommensurable m length 
with DI. [x. 22] 

Again, since twice the rectangle AB, BC is medial and is 
equal to DH, 

therefore DH is medial. 

And it is applied to the rational straight line DI, producing 
DF as breadth ; 

therefore DF is also rational and incommensurable in length 
with DI. [x. 22] 

And, since the squares on AB, BC are incommensurable 
with twice the rectangle AB, BC, 

therefore DE is also incommensurable with DH. 

But, as DE is to DH, so also is DG to DF-, [vi. ij 

therefore DG is incommensurable with DF. [x. n] 

And both are rational ; 

therefore GD, DF are rational straight lines commensurable 
in square only. 

Therefore FG is an apotome. [x. 73] 

And FH is rational ; 

but the rectangle contained by a rational straight line and an 
apotome is irrational, [deduction from x. 20] 

and its “side” is irrational. 

And AC is the “side” of FE ; 
therefore AC is irrational. 

And let it be called that which produces with a 
medial area a medial whole. 


Q. E. D. 
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In this case x, y have respectively the forms [cf. x. 35] 


p\i / k pXi / k 



1^ + ^’ 

v/2 V n/i 4- 


Suppose that 


= GUy 



2xy 

= GV. 


By hypothesis, the areas o-w. 

, GV are 

medial ; 


therefore v are both rational 

and 0 

r 

(!)• 

Further 

GU w 

GVy 


so that 

U »-/ 

V 

(2). 


Hence [(i), (2)] v are rational and , 
so that (u —V) is the irrational straight line called apotome [x. 73]. 

Thus (r{u-v) is an irrational area, 
so that {x —y)\ and consequently {x ~y)^ is irrational. 

The irrational straight line 

ett / ““ j k 

. V 2 V ' 72 V * VT+l* _ 

is called that tuhich produces [i.e. when a square is described on it] with a 
medial area a medial whole, more literally that which with a medial area makes 
the whole medial (?) p.€Ta pto-ou p«<Tov to oXov rroioScra). A clearer phrase (to 
us) would be the “side” of the difference between two medial areas, correspond- 
ing to the “side” of (the sum of) two medial areas [x. 41]. 


Proposition 79. 

To an apotome only one rational straight line can be 
annexed which is commensurable with the whole in square only. 

Let AB wn apotome, and BC an annex to it ; 
therefore AC, CB are rational 

straight lines commensurable in ^ ^ ^ 0 

square only. [x. 73] 

I say that no other rational 

straight line can be annexed to AB which is commensurable 
with the whole in square only. 

For, if possible, let BD be so annexed ; 
therefore AD, DB are also rational straight lines commen- 
surable in square only. [x- 73] 

Now, since the excess of the squares on AD, DB over 
twice the rectangle AD, DB is also the excess of the squares 
on A C, CB over twice the rectangle A C, CB, 
for both exceed by the same, the square on AB, [n. 7 ] 
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therefore, alternately, the excess of the squares on A/?, DB 
over the squares on A C, CB is the excess of twice the rect- 
angle AD, DB over twice the rectangle AC, CB, 

But the squares on AD, DB exceed the squares on AC, 
CB by a rational area, 
for both are rational ; 

therefore twice the rectangle AD, DB also exceeds twice the 
rectangle A C, CB by a rational area : 
which is impossible, 

for both are medial [x. 21], and a medial area does not exceed 
a medial by a rational area. [x. 26] 

Therefore no other rational straight line can be annexed 
to which is commensurable with the whole in square only. 

Therefore only one rational straight line can be annexed 
to an apotome which is commensurable with the whole in 
square only. 

Q. E. D. 

This proposition proves the equivalent of the well-known theorem of surds 
that, 

if ~ ^ - sjy, then a-x, b^y) 

and, if Ja - Jb Jx - Jy, then a-x, b -y. 

The method of proof corresponds to that of x. 42 for positive signs. 
Suppose, if possible, that an apotome can be expressed as {x -y) and also 
as {x —y), where x, y are rational straight lines commensurable in square only, 
and x', y are so also. 

Of X, x\ let X be the greater. 

Now, since x -y = x -y, 

^ +y — {y^ +y*) = 2xy - 2xy, 

But (^+y), {x'^+y^) are both rational, so that their difference is a 
rational area. 

On the other hand, 2 xy, ixy' are both medial areas, being of the form 

therefore the difference between two medial areas is rational : 
which is impossible [x. 26]. 

Therefore etc. 


Proposition 80. 

To a first apotome of a medial straight line only one 
medial straight line can be annexed which is commensurable 
with the whole in square only and which contains with the 
whole a rational rectangle. 
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For let AB be a first apotome of a medial straight line, 
and let BC be an annex to AB ; 

therefore A C, CB are medial ^ ? 2 — ? 

straight lines commensurable in 

square only and such that the rectangle A C, CB which they 
contain is rational ; [x. 74] 

I say that no other medial straight line can be annexed to 
AB which is commensurable with the whole in square only 
and which contains with the whole a rational area. 

For, if possible, let DB also be so annexed ; 
therefore AD, DB are medial straight lines commensurable 
in square only and such that the rectangle AD, DB which 
they contain is rational. [x. 74] 

Now, since the excess of the squares on AD, DB over 
twice the rectangle AD, DB is also the excess of the squares 
on AC, CB over twice the rectangle AC, CB, 

for they exceed by the same, the square on AB, [”v7] 

therefore, alternately, the excess of the squares on AD, DB 
over the squares on A C, CB is also the excess of twice the 
rectangle AD, DB over twice the rectangle AC, CB. 

But twice the rectangle AD, DB exceeds twice the rect- 
angle AC, CB by a rational area, 

for both are rational. 

Therefore the squares on AD, DB also exceed the squares 
on AC, CB by a rational area : 

which is impossible, 

for both are medial [x. 15 and 23, Por.], and a medial area does 
not exceed a medial by a rational area. [x. 26] 

Therefore etc. 

Q. E. D. 

Suppose, if possible, that the same first apotome of a medial straight line 
can be expressed in terms of the required character in two ways, so that 

and suppose that a: > x\ 

In this case x^ +y^) are both medial areas, and ixy^ ix'f are both 

rational areas ; 

and x^ + — 2xy. 

Hence x. 26 is contradicted again ; 
therefore etc. 
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Proposition 81. 

To a second apotome of a medial straight line only one 
medial straight line can be annexed which is commensurable 
with the whole in square only and which contains with the 
whole a medial rectangle. 

Let be a second apotome of a medial straight line 
and BC an annex \.o AB \ 

therefore A C, CB are medial straight t ? 

lines commensurable in square only and 
such that the rectangle AC, CB which 
they contain is medial. [x. 75] 

I say that no other medial straight line 
can be annexed to A B which is commen- 
surable with the whole in square only and 
which contains with the whole a medial 
rectangle. 

For, if possible, let BD also be so 
annexed ; 

therefore AD, DB are also medial straight 
lines commensurable in square only and 
such that the rectangle AD, DB which 
they contain is medial. [x. 75] 

Let a rational straight line EF be set out, 

let EG equal to the squares on AC, CB be applied to EF, 
producing EM as breadth, 

and let HG equal to twice the rectangle AC, CB be sub- 
tracted, producing HM as breadth ; 

therefore the remainder EL is equal to the square on AB, 

[»• 7] 

so that AB is the “side” of EL. 

Again, let .fi”/ equal to the squares on AD, DB be applied 
to EF, producing EN as breadth. 

But EL is also equal to the square on A B •, 

therefore the remainder HI is equal to twice the rectangle 
AD, DB. [ii. 7] 

Now, since AC, CB are medial straight lines, 
therefore the squares on A C, CB are also medial. 
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And they are equal to £G ; 

therefore £G is also medial. [x. 15 and 23, Por.] 

And it is applied to the rational straight line E£, producing 
EM as breadth ; 

therefore EM is rational and incommensurable in length 
with EF. [x. 22] 


Again, since the rectangle A C, CB is medial, 
twice the rectangle AC, CB is also medial. [x. 23, Por.] 

And it is equal to HG ; 
therefore HG is also medial. 

And it is applied to the rational straight line EF, producing 
HM as breadth ; 

therefore HM is also rational and incommensurable in length 
with EF. [x. 22] 

And, since AC, CB are commensurable in square only, 
therefore AC is incommensurable in length with CB. 

But, as C is to CB, so is the square on AC to the rect- 
angle A C, CB ; 

therefore the square on AC is incommensurable with the 
rectangle AC, CB. [x. n] 

But the squares on A C, CB are commensurable with the 
square on AC, 

while twice the rectangle A C, CB is commensurable with the 
rectangle A C, CB ; [x. 6] 

therefore the squares on AC, CB are incommensurable with 
twice the rectangle AC, CB. [x. 13] 

And is equal to the squares on AC, CB, 
while GH \s equal to twice the rectangle AC, CB ; 
therefore £'(9 is incommensurable with HG. 

But, as EG is to HG, so is EM to HM\ [vi. i] 

therefore EM is incommensurable in length with MH. [x. 1 1] 
And both are rational ; 

therefore EM, MH are rational straight lines commensurable 
in square only ; 

therefore EH is an apotome, and HM an annex to it. [x. 73] 
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Similarly we can prove that HN '\s also an annex to it ; 
therefore to an apotome different straight lines are annexed 
which are commensurable with the wholes in square only ; 
which is impossible. [x. 79] 

Therefore etc. 

Q. E. D. 


As the irrationality of the second apotome of a medial straight line was 
deduced [x. 75] from the irrationality of an apotome, so the present theorem 
is reduced to x. 79. 

Suppose, if possible, that {x -y\ {pc —y) are the same second apotome of 
a medial straight line ; 
and let (say) x be greater than x\ 

Apply and also {x"^ +y^)j '^.xy’ to a rational straight line cr, 

i.e. put 


and 


x'- d-y-* = 
2Xf 


= (rd ] 
•y (jv* / 


-^-y^ = (ju 
2xy - (TV 

Dealing with {x -y) first, we have : 

+y) is a medial area, and 2xy is also a ipedial area. 

Therefore v are both rational and w o- 

Also, since x ^y, ^ 

so that x^ xy, 

whence, as usual, x^+y^ 2xy, 

that is, <ru yy <rVy 

and therefore w w 7/ 

Thus [(i) and (2)] u, v are rational and 
so that {u — v) is an apotome. 

Similarly {u* - v') is proved to be the same apotome. 

Hence this apotome is formed in two ways : 
which contradicts x. 79. 

Therefore the original hypothesis is false, and a second apotome of a 
medial straight line is uniquely formed. 


.(i). 


.(2). 


Proposition 82. 

To a minor straight line only one straight line can be 
annexed which is incommensurable in square with the whole 
and which makes, with the whole, the sum of the squares on 
them rational but twice the rectangle contained by them medial. 

Let AB be the minor straight line, and let BC be an 
annex to AB\ 

therefore AC, CB are straight ^ a c_p 

lines incommensurable in square 
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which make the sum of the squares on them rational, but 
twice the rectangle contained by them medial. [x. 76] 

I say that no other straight line can be annexed to A B 
fulfilling the same conditions. 

For, if possible, let BD be so annexed ; 
therefore AD, DB are also straight lines incommensurable 
in square which fulfil the aforesaid conditions. [x. 76] 

Now, since the excess of the squares on AD, DB over 
the squares on AC, CB is also the excess of twice the rect- 
angle AD, DB over twice the rectangle AC, CB, 
while the squares on AD, DB exceed the squares on AC, 
CB by a rational area, 
for both are rational, 

therefore twice the rectangle AD, DB also exceeds twice 
the rectangle A C, CB by a rational area : 
which is impossible, for both are medial. [x. 26] 

Therefore to a minor straight line only one straight 
ine can be annexed which is incommensurable in square with 
the whole and which makes the squares on them added 
together rational, but twice the rectangle contained by them 
Tiedial, 

Q. E. D. 

Suppose, if possible, that, with the usual notation, 

x-y=^x' -y' ■, 

ind let X (say) be greater than x'. 

In this case +^*), +y*) are both rational areas, 

and 2xy, 2x'y’ are both medial areas. 

But, as before, +y) - {x'^ +y*) = ^xy - 2x'y', 

so that the difference between two medial areas is rational : 
which is impossible [x. 26]. 

Therefore etc. 


Proposition 83. 

To tfiL straight line which produces with a rational area a 
medial whole only one straight line can be annexed which is 
incommensurable in square with the whole straight line and 
which with the whole straight line makes the sum of the squares 
on them medial, but twice the rectangle contained by them 
rational. 
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Let AB be the straight line which produces with a rational 
area a medial whole, 
and let BC be an annex to AB ; ^ 

therefore AC, CB are straight lines 

incommensurable in square which fulfil the given conditions. 

[x. 77] 

I say that no other straight line can be annexed to A B 
which fulfils the same conditions. 

For, if possible, let BD be so annexed ; 
therefore AD, DB are also straight lines incommensurable in 
square which fulfil the given conditions. [x. 77] 

Since then, as in the preceding cases, 
the excess of the squares on AD, DB over the squares on 
AC, CB is also the excess of twice the rectangle AD, DB 
over twice the rectangle A C, CB, 

while twice the rectangle AD, DB exceeds twice the rectangle 
A C, CB by a rational area, 
for both are rational, 

therefore the squares on AD, DB also exceed the squares 
on A C, CB by a rational area : 

which is impossible, for both are medial. [x. 26] 

Therefore no other straight line can be annexed to AB 
which is incommensurable in square with the whole and which 
with the whole fulfils the aforesaid conditions ; 
therefore only one straight line can be so annexed. 

Q. E. D. 

Suppose, with the same notation, that 

x—y = x'—y. (x>x') 

Here, (1^+)^), (jc'“+y*) being both medial areas, and 2xy, 2x'y' both 
rational areas, 

while (a:* +y’‘) — (jc'” +>■'*) = 2xy - zx'y, 

X. 26 is contradicted again. 

Therefore etc. 


Proposition 84. 

To a straight line which produces with a medial area a 
medial whole only one straight line can be annexed which is 
incommensurable in square with the whole straight line and 
which with the whole straight line makes the sum of the squares 
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on them medial and twice the rectangle contained by them both 
medial and also incommensurable with the sum of the squares 
on them. 

Let ABhet the straight line which produces with a medial 
area a medial, whole, 

and BC an annex to it ; 

therefore A C, CB are straight lines incommensurable in square 
which fulfil the aforesaid conditions. [x- 78] 


A B CD 



I say that no other straight line can be annexed to AB 
which fulfils the aforesaid conditions. 

For, if possible, let BD be so annexed, 

so that AD, DB are also straight lines incommensurable in 
square which make the squares on AD, DB added together 
medial, twice the rectangle AD, DB medial, and also the 
squares on AD, DB incommensurable with twice the rectangle 
AD, DB. [X. 78] 

Let a rational straight line EF be set out, 
let EG equal to the squares on AC, CB be applied to EF, 
producing EM as breadth, 

and let HG equal to twice the rectangle A C, CB be applied 
to EF, producing HM as breadth ; 

therefore the remainder, the square on A B [ii. 7], is equal 
to EL ; 

therefore AB is the “side” of EL. 

Again, let El equal to the squares on AD, DB be applied 
to EF, producing EN as breadth. 

But the square on A B is also equal to EL ; 

therefore the remainder, twice the rectangle AD, DB [n. 7], 
is equal to HI. 
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Now, since the sum of th^ squares on AC, CB is medial 
and is equal to EG, 
therefore ^6^ is also medial. 

And it is applied to the rational straight line EF, pro- 
ducing EM as breadth ; 

therefore EM is rational and incommensurable in length 
with EF. [x. 22] 

Again, since twice the rectangle A C, CB is medial and is 
equal to MG, 

therefore HG is also medial. 

And it is applied to the rational straight line EF, pro- 
ducing HM as breadth ; 

therefore HM is rational and incommensurable in length 
with EF. [x. 22] 

And, since the squares on AC, CB are incommensurable 
with twice the rectangle AC, CB, 

EG is also incommensurable with HG-, 

therefore EM is also incommensurable in length with MH. 

[vi. 1, X. Il] 

And both are rational ; 

therefore EM, MH are rational straight lines commensurable 
in square only ; 

therefore EH is an apotome, and HM an annex to it. [x. 73] 

Similarly we can prove that EH is again an apotome and 
HN an annex to it. 

Therefore to an apotome different rational straight lines 
are annexed which are commensurable with the wholes in 
square only : 

which was proved impossible. [x. 79] 

Therefore no other straight line can be so annexed to AB. 
Therefore to AB only one straight line can be annexed 
which is incommensurable in square with the whole and which 
with the whole makes the squares on them added together 
medial, twice the rectangle contained by them mediju, and 
also the squares on them incommensurable with twice the 
rectangle contained by them. 


Q. E. D, 
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With the usual notation, suppose that 

x-y = x-y. (x>x') 

ut 

2xy = crv J 2xy =<rv ) 

Consider {x --y) first ; 

it follows, since +^*)> ^ire both medial areas, that 

«, V are both rational and <r (*)• 

But ^ 

that is, <ru aVf 

and therefore u (*)• 

Therefore [(i) and (2)] «, v are rational and ^ ; 
hence (u — v) is an apotome. 

Similarly {y! - is proved to be the same apotome. 

Thus the same apotome is formed as such in two ways : 
which is impossible [x. 79]. 

Therefore, etc. 

DEFINITIONS III. 

1. Given a rational straight line and an apotome, if the 
square on the whole be greater than the square on the annex 
by the square on a straight line commensurable^ in length with 
the whole, and the whole be commensurable in length with 
the rational straight line set out, let the apotome be called a 
first apotome. 

2. But if the annex be commensurable in length with 
the rational straight line set out, and the square on the whole 
be greater than that on the annex by the square on a straight 
line commensurable with the whole, let the apotome be called 
a second apotome. 

3. But if neither be commensurable in length with the 
rational straight line set out, and the square on the whole be 
greater than the square on the annex bv the square on a 
straight line commensurable with the whole, let the apotome 
be called a third apotome. 

4. Again, if the square on the whole be greater than 
the ^uare on the annex by the square on a straight line 
incommensurable with the whole, then, if the whole be com- 
mensurable in length with the rational straight line set out, 
let the apotome be called a fourth apotome ; 

5. if the annex be so commensurable, a fifth ! 

6. and, if neither, a sixth. 


H. £. III. 
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Proposition 85. 

To find the first apotome. 

Let a rational straight line A be set out, 
and let BG be commensurable in length with A ; 
therefore BG also rational. 



Let two square numbers DEy EF be set out, and let their 
difference FD not be square ; 

therefore neither has ED to DF the ratio which a square 
number has to a square number. 

Let it be contrived that, 

as ED is to DF, so is the square on .56^ to the square on GC ; 

[x, 6, For.] 

therefore the square on BG is commensurable with the square 
on GC. [x- 6] 

But the square on BG is rational ; 
therefore the square on GC is also rational ; 
therefore GC is also rational. 

And, since ED has not to DF the ratio which a square 
number has to a square number, 

therefore neither has the square on ^6^ to the square on GC 
the ratio which a square number has to a square number ; 
therefore BG is incommensurable in length with GC. [x. 9] 
And both are rational ; 

therefore BG, GC are rational straight lines commensurable 
in square only ; 

therefore BC is an apotoqic. [x- 73 ] 

I say next that it is also a first apotome. 

For let the square on H be that by which the square on 
BG is greater than the square on GC. 

Now since, as ED is to FD, so is the square on BG to 
the square on GC, 

therefore also, convertendo, [v- 19, For.] 

as DE is to EF, so is the square on GB to the square on H. 
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But DE has to EF the ratio which a square number has 
to a square number, 

for each is square ; 

therefore the square on GB also has to the square on H the 
ratio which a square number has to a square number ; 

therefore BG is commensurable in length with H. [x. 9] 

And the square on BG is greater than the square on GC 
by the square on H \ 

therefore the square on BG is greater than the square on GC 
by the square on a straight line commensurable in length 
with BG. 

And the whole BG is commensurable in length with the 
rational straight line A set out. 

Therefore BC is a first apotome. [x. Deff. m. i] 

Therefore the first apotome BC has been found. 

(Being) that which it was required to find. 

Take kp commensurable in length with p, the given rational straight line. 
Let be square numbers such that (»i* - «*) is not square. 

Take x such that — (i), 

4.U 4. JL 

so that x = kp 

^ m 

= kp \/ 1 - A*, say. 

Then shall kp — x, or kp V i - A*, be a Jirsf apotome. 

For (a) it follows irom (i) that x is rational but incommensurable with kpy 
whence kp, x are rational and 
so that (kp — x) is an apotome. 

(fi) If y = k^p^ “ then, by ( I ), convertendo^ 

\ fp — k^p^ : 

whence y, that is, J ^p^ — is commensurable in length with kp. 

And kp p ; 

therefore kp-^x 2i first apotome. 

As explained in the note to x. 48, the first apotome 

kp^kpfj I — A* 

is one of the roots of the equation 

0^ — zkp , X + s= o. 


12^2 
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pROPOSitlON 86. 

To find the second apotome. 

Let a rational straight line A be set out, and GC com- 
mensurable in length with A ; 

therefore GC is rational. 

Let two square numbers DE, ? — S 9 

EF be set out, and let their h 

difference DF not be square. 

Now let it be contrived that, e p b 

as FD is to DE, so is the square 

on CG to the square on GB. [x. 6, For.] 

Therefore the square on CG is commensurable with the 
square on GB. [x. 6] 

But the square on CG is rational ; 
therefore the square on GB is also rational ; 
therefore BG is ra,tional. 

And, since the square on GC has not to the square on GB 
the ratio which a square number has to a square number, 

CG is incommensurable in length with GB, [x. 9] 

And both are rational ; 

therefore CG, GB are rational straight lines commensurable 
in square only ; 

therefore BC is an apotome. [x. 73] 

I say next that it is also a second apotome. 

For let the square on H be that by which the square on 
BG \s greater than the square on GC. 

Since then, as the square on BG is to the square on GC, 
so is the number ED to the number DF, 
therefore, convertendo, 

as the square on BG is to the square on H, so is DE to EF. 

[v. 19, For.] 

And each of the numbers DE, EF is square ; 
therefore the square on BG has to the square on H the ratio 
which a square number has to a square number ; 
therefore BG is commensurable in length with H. [x. 9] 

And the square on BG is greater than the square oh GC 
by the square on Af ; 

therefore the square ovi BG is greater than the square on GC 
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by the square on a straight line commensurable in length 
with BG. 

And CGy the annex, is commensurable with the rational 
straight line A set out. 

Therefore BC is a second apotome. [x. Deff. iii. 2] 

Therefore the second apotome BC has been found. 

Q. E. D. 

Take, as before, commensurable ia length with p. 

Let be again square numbers, but — «*) not square. 

Take x such that {tn^ - «’) : = ^p* \x^ ( i). 


whence 


X = kp 


m 


h 

n/ I — * 


say. 




Thus X is greater than kp, 
kp 

Then x - ^p, or . . Zl- : — kpy is a second apotome. 
VI — X* 

For (a), as before, x is rational and kp. 

If jc*- ^p^ =y*, we have, from (i), 

x^ :y*. 


Thus or Jx^-lPp^y is commensurable in length with x. 
And kp is ^ p. 

Therefore — ^p is a second apotome. 

As explained in the note on x. 49, the second apotome 






is the lesser root of the equation 

zkp 




n/i - X’ 




X* 




Proposition 87. 

To find the third apotome. 

Let a rational straight line A be set out, 
let three numbers E, BC, CD be ^ 

set out which have not to one 

another the ratio which a square ? — 1? 

number has to a square number, 
but let CB have to BD the ratio 

which a square number has to a E 

square number. , 

Let it be contrived that, as B 0 

is to BC, so is the square on A to the square on FG, 
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and, as BC is to CD, so is the square on FG to the square 
on GH. [x- Por-] 

Since then, as ^ is to BC, so is the square on A to the 
square on FG, 

therefore the square on A is commensurable with the square 
on FG. [x- 6] 

But the square on A is rational ; 
therefore the square on FG is also rational ; 
therefore FG is rational. 

And, since E has not to BC the ratio which a square 
number has to a square number, 

therefore neither has the square on A to the square on FG 
the ratio which a square number has to a square number ; 
therefore A is incommensurable in length with FG. [x. 9] 
Again, since, as BC is to CD, so is the square on FG to 
the square on GH, 

therefore the square on FG is commensurable with the square 
on GH. [x. 6] 

But the square on FG is rattonal ; 
therefore the square on GH is also rational ; 
therefore GH is rational. 

And, since BC has not to CD the ratio which a square 
number has to a square number, 

therefore neither has the square on FG to the square on GH 
the ratio which a square number has to a square number ; 
therefore FG is incommensurable in length with GH. [x. 9] 
And both are rational ; 

therefore FG, GH are rational straight lines commensurable 
in square only ; 

therefore FH is an apotome. [x. 73] 

I say next that it is also a third apotome. 

For since, as .£* is to BC, so is the square on A to the 
square on FG, 

and, as is to CD, so is the square on FG to the square 
on HG, 

therefore, ex aequali, as is to CD, so is the square on A 
to the square on HG. [v. aa] 
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But E has not to CD the ratio which a square number 
has to a square number ; 

therefore neither has the square on A to the square on GH 
the ratio which a square number has to a square number ; 

therefore A is incommensurable in length with GH. [x. 9] 

Therefore neither of the straight lines FG, GH is 
commensurable in length with the rational straight line A 
set out. 

Now let the square on K be that by which the square on 
FG is greater than the square on GH. 

Since then, as BC is to CD, so is the square on FG to 
the square on GH, 

therefore, convertendo, as BC is to BD, so is the square on 
FG to the square on K. [v- Por.] 

But BC has to BD the ratio which a square number has 
to a square number ; 

therefore the square on FG also has to the square on K the 
ratio which a square number has to a square number. 

Therefore FG is commensurable in length with K, [x. 9] 
and the square on FG is greater than the square on GH by 
the square on a straight line commensurable with FG. 

And neither of the straight lines FG, GH is commen- 
surable in length with the rational straight line A set out ; 

therefore FH is a third apotome. [^- Deff. m. 3] 

Therefore the third apotome FH has been found. 

Q. E. D. 


Let p be a rational straight line. 

Take numbers p, qm\ q (nP - «’) which have not to one another the^atio 


of square to square. 

Now let X, y be such that 

p : qm^ = p^ : ** (1) 

and qni' . q (m* - n^) = :(? •. y (2). 

Then shall (x —y) be a third apotome. 

For (o), from (i), 

X is rational but p (s)- 

And, from (2), y is rational but « x. 

Therefore x, y are rational and 

so that (x -y) is an apotome. 
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(fi) By(i),(2). ex aequa/i\ 

p : = :>*, 

whence ^ p. 

Thus, by this and (3), x, y are both p (4)- 

Lastly, let s* = ^ -f, so that, from (2), convertendo, 
qm^ \ qn^- 3^ \ z^ \ 

therefore s, or x (5). 

Thus [(4) and (5)] (^->) is a third apotome. 

To find its form, we have, from (i) and (2), 

m^q 

Jq 


so that 


x-y= 


This may be written in the form 

mjk.p — mjk . pj I - X’. 

As explained in the note on x. 50, this is the lesser root of the equation 
2m Jk.px-¥ = o. 


Proposition 88. 

To find the fourth apotome. 

Let a rational straight line A be set out, and BG com- 
mensurable in length with it ; 
therefore is also rational. 



Let two numbers DF, FE be set out such that the whole 
DE has not to either of the numbers DF, EF the ratio 
which a square number has to a square number. 

Let it be contrived that, as DE is to EF, so is the square 
on BG to the square on GC ; [x. 6, For,] 

therefore the square on BG is commensurable with the square 
on GC, [x. 6] 

But the square on BG is rational ; 
therefore the square on GC is also rational ; 
theft'efore GC is rational. 
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Now, since DE has not to EF the ratio which a square 
number has to a square number, 

therefore neither has the square on to the square on GC 
the ratio which a square number has to a square number ; 
therefore BG is incommensurable in length with GC. [x. 9] 
And both are rational ; 

therefore BG, GC are rational straight lines commensurable 
in square only ; 

therefore BC is an apotome. [*• 73 ] 


Now let the square on be that by which the square on 
BG is greater than the square on GC. 

Since then, as DE is to EF, so is the square ovi BG to 
the square on GC, 

therefore also, convertendo, as ED is to DF, so is the square 
on GB to the square on H. [v. 19. Por-] 

But ED has not to DF the ratio which a square number 
has to a square number ; 

therefore neither has the square on GB to the square on H 
the ratio which a square number has to a square number ; 

therefore BG is incommensurable in length with H. [x. 9] 
And the square on BG is greater than the square on GC 
by the square on H ; 

therefore the square on BG iS greater than the square on GC 
by the square on a straight line incommensurable with BG. 

And the whole BG is commensurable in length with the 
rational straight line A set out 

Therefore BC is a fourth apotome. [x, Deff. ni, 4] 

Therefore the fourth apotome has been found, 

Q. E. D. 


Beginning with p, kp, as in x. 85, 86, we take numbers m, n such that 
(m + n) has not to either of the numbers m, n the ratio of a square number to 
a square number. 

Take x such that (>« + «) •.« = : ** (i), 


whence 



_ hp 

~ dnn’ 


say. 


Then shall 




be di fourth apotome. 



BOOK X 


[x. 88, 89 


186 


For, by (i), x is rational and % 

Also is incommensurable with kp, since 

(m + n) : m = : (]?f? — x‘), 

and the ratio (m + «);«» is not that of a square number to a square number. 
And ip o p. 

As explained in the note on x. 51, the fourth apoiome 


kp- 


kp 


n/TTX 

is the lesser root of the quadratic equation 


- 2kp . X + 


I + X 




o. 


Proposition 89. 


To find the fifth apotome. 

Let a rational straight line A be set out, 

and let CG be commensurable in length 
with A ; 

therefore CG is rational. 

Let two numbers DF, FE be set out 
such that DE again has not to either of the 
numbers DF, FE the ratio which a square 
number has to a square number ; 
and let it be contrived that, as FE is to ED, 
so is the square on CG to the square on GB. 

Therefore the square on GB is also 
rational ; 

therefore BG also rational. 


A 


B 

C 


H 


C 


F 

E 


[x. 6] 


Now since, as DE is to EF, so is the square on BG to 
the square on GC, 

while DE has not to EF the ratio which a' square number 
has to a square number, 

therefore neither has the square on BG to the square on GC 
the ratio which a square number has to a square number ; 
therefore BG is incommensurable in length with GC. [x. 9] 
And both are rational ; 

therefore BG, GC are rational straight lines commensurable 
in square only ; 

therefore BC is an apotome. [x. 73] 
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I say next that it is also a fifth apotome. 

For let the square on H be that by which the square on 
BG is greater than the square on GC. 

Since then, as the square on BG is to the square on GC, 
so is DE to EF, 

therefore, convertendo, as ED is to DF, so is the square on 
BG to the square on H. [v. 19, Por.] 

But ED has not to DF the ratio which a square number 
has to a square number ; 

therefore neither has the square on BG to the square on H 
the ratio which a square number has to a square number ; 

therefore BG is incommensurable in length with H. [x. 9] 

And the square on BG is greater than the square on GC 
by the square on H ; 

therefore the square on GB is greater than the square on GC 
by the square on a straight line incommensurable in length 
with GB. 

And the annex CG is commensurable in length with the 
rational straight line A set out ; 

therefore is a fifth apotome. [x. Deff. in. 5] 

Therefore the fifth apotome BC has been found. 

Q. E. D. 


Let f), kp and the numbers w, n of the last proposition be taken. 
Take x such that «:(/« + «) = \ 


In this case x > kp^ and x - 

= kp>s ] I + X, say. 

Then shall (x - >ip), or (kp^j i + X - itp), be a fifth apotome. 
For, by (i), x is rational and kp. 

And since, by (i), (w + «) : - >^p*), 

is incommensurable with x. 

Also kp ^ p. 

As explained in the note on x. 52, the fifth apotome 

kpfj I -fX - kp 

is the lesser root of the quadratic 

- 2kp»J I + X . X + X^p* = o. 
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Proposition 90. 

To find the sixth apotome. 

Let a rational straight line A be set out, and three 
numbers E, BC, CD not having 
to one another the ratio which ^ ~~ 

a square number has to a square ^ ^ 

number; 

and further let CB also not have 

to BD the ratio which a square 

number has to a square number. § 6 c 

Let it be contrived that, as 

E is to BC, so is the square on A to the square on EG, 

and, as BC is to CD, so is the square on EG to the square 
on GN. [X- 6. Por.] 

Now since, as E is to BC, so is the square on A to the 
square on EG, 

therefore the square on A is commensurable with the square 
on EG. [*• 6] 

But the square on A is rational ; 
therefore the square on is also rational ; 
therefore EG is also rational. 

And, since E has not to BC the ratio which a square 
number has to a square number, 

therefore neither has the square on A to the square on EG 
the ratio which a square number has to a square number ; 

therefore A is incommensurable in length with EG. [x. 9] 

Again, since, as BC is to CD, so is the square on EG to 
the square on GH, 

therefore the square on EG is commensurable with the square 
on GH. tx. 6] 

But the square on EG is rational ; 
therefore the square on GH is also rational ; 
therefore GH is also rational. 

And, since BC has not to CD the ratio which a square 
number has to a square number, 
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therefore neither has the square on FG to the square on GH 
the ratio which a square number has to a square number ; 
therefore FG is incommensurable in length with GH. [x. 9] 
And both are rational ; 

therefore FG, GH are rational straight lines commensurable 
in square only ; 

therefore FH is an apotome. [x. 73] 


I say next that it is also a sixth apotome. 

For since, as E is to BC, so is the square on A to the 
square on FG, 

and, as .ffC is to CD, so is the square on FG to the square 
on GH, 

therefore, ex aequali, as E is to CD, so is the square on A to 
the square on GH. [v. 22] 

But E has not to CD the ratio which a square number 
has to a square number ; 

therefore neither has the square on A to the square on GH 
the ratio which a square number has to a square number ; 

therefore A is incommensurable in length with GH ; [x. 9] 

therefore neither of the straight lines FG, GH is commen- 
surable in length with the rational straight line A. 

N ow let the square on AT be that by which the square on 
FG is greater than the square on GH. 

Since then, as BC is to CD, so is the square on FG to 
the square on GH, 

therefore, convertendo, as CB is to BD, so is the square on 
FG to the square on K. [v. 19, Por.] 

But CB has not to BD the ratio which a square number 
has to a square number ; 

therefore neither has the square on FG to the square on K 
the ratio which a square number has to a square number ; 

therefore FG is incommensurable in length with K. [x. 9] 

And the square on FG is greater than the square on GH 
by the square on K \ 

therefore the square on FG is greater than the square on GH 
by the square on a straight line incommensurable in length 
with FG. 
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And neither of the straight lines F'G, GH is commen- 
surable with the rational straight line A set out. 

Therefore FH is a sixth apotome. [x. DeflF. iii. 6] 

Therefore the sixth apotome FH\i'as been found. 

Q. E. D. 


Let p be the given rational straight line. 

Take numbers /, {m + n\ n which have not to one another the ratio of a 
square number to a square number, n being also chosen such that the 


ratio {m + n)\m\^ not that of square to square. 

Take y such that p \ (tn •¥ \ (i), 

(/« + «): (2). 

Then shall {x -y) be a sixth apotome. 

For, by (i), is rational and ^ p (s)- 

By (2), since x is rational, 

y is rational and sj x (4)* 

Thus [(3), (4)] (pc - y) is an apotome. 

Again, ex aequaliy / : « = p* : y, 

whence ^ p. 

Thus Xy y are both p. 

Lastly, convertendo from (2), 


(m tP) \ m- \ (0^ -y). 


whence sJxP-y^ sj x. 

Therefore (x -y) is a sixth apotome. 
From (i) and (2) we have 


m-hn 


so that the sixth apotome may be written 



or, more simply, Jk. p — . p. 

As explained in the note on x. 53, the sixth apotome 
the equation 

x^ - 2jk . px {h-\) p^ = o. 


is the lesser root of 


Proposition 91. 

If an area be contained by a rational straight line and a 
first apotomey the ''side'' of the area is an apotome. 

For let the area AB he contained by the rational straight 
line AC and the first apotome AB ; 

I say that the ‘‘side” of the area AB is an apotome. 
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For, since AD is a first apotome, let DG be its annex ; 
therefore A G, GD are rational straight lines commensurable 
in square only. [x- 73] 

And the whole AG is commensurable with the rational 
straight line AC set out, 

and the square on AG is greater than the square on GD 
by the square on a straight line commensurable in length 
with AG : [x. Deff. m. i] 

if therefore there be applied to AG a. parallelogram equal to 
the fourth part of the square on DG and deficient by a square 
figure, it divides it into commensurable parts, [x. 17] 



Let DG be bisected at E, 

let there be applied to AG a. parallelogram equal to the square 
on EG and deficient by a square figure, 

and let it be the rectangle AF, FG ; 
therefore AF is commensurable with FG. 

And through the points E, F, G let EH, Fli GKhe. drawn 
parallel to AC. 

Now, since AF is commensurable in length with FG, 
therefore AG is also commensurable in length with each of 
the straight lines AF, FG. [x. 15 ] 

But AG is commensurable with AC ; 
therefore each of the straight lines AF, FG is commensurable 
in length with AC. [x- la] 
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And ACis rational ; 

therefore each of the straight lines AF", FG is also rational, 
so that each of the rectangles AI, FK is also rational, [x. 19] 
Now, since DE is commensurable in length with EG, 
therefore DG is also commensurable in length with each of 
the straight lines DE, EG. [*• *S 3 

But DG is rational and incommensurable in length 
with AC-, 

therefore each of the straight lines DE, EG \s also rational 
and incommensurable in length with AC', I*- 13] 

therefore each of the rectangles DH, EK medial. [x. 21J 


Now let the square LM be made equal to Al, and let 
there be subtracted the square N O having a common angle 
with it, the angle LPM, and equal to FK ; 
therefore the squares LM, NO are about the same diameter. 

[vi. 26] 

Let PR be their diameter, and let the figure be drawn. 
Since then the rectangle contained by AF, FG is equal to 
the square on EG, 

therefore, as AF is to EG, so is EG to FG. [vi. 17] 

But, as AF is to EG, so is AI to EK, 
and, as EG is to FG, so is EK to KF', [vi. 1] 

therefore EK is a mean proportional between A I, KF. [v. n] 

But MN is also a mean proportional between LM, NO, 
as was before proved, [Lemma after x. 53] 

and AI is equal to the square LM , and KF to NO ; 
therefore MN is also equal to EK. 

But EK is equal to DH, and MN to LO ; 
therefore DK 'is equal to the gnomon UVW and NO. 

But AK is also equal to the squares LM, NO ; 
therefore the remainder AB is equal to ST. 

But 57 ' is the square on LN; 
therefore the square on LN is equal to AB ; 
therefore LN is the “side” of AB. 
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I say next that LN is an apotome. 

For, since each of the rectangles A I, FK is rational, 
and they are equal to LM, NO, 

therefore each of the squares LM, NO, that is, the squares on 

LP, PN respectively, is also rational ; 

therefore each of the straight lines LP, PN is also rational. 

Again, since DH is medial and is equal to LO, 
therefore Z ,(9 is also medial. 

Since then LO medial, 
while NO is rational, 

therefore LO is incommensurable with NO. 

But, as LO is to NO, so is LP to PN •, [vi. i] 

therefore LP is incommensurable in length with PN, [x. n] 
And both are rational ; 

therefore LP, PN are rational straight lines commensurable 
in square only ; 

therefore LN is an apotome. [x. 73] 

And it is the “side” of the area AB\ 
therefore the “side” of the area AB is axi apotome. 

Therefore etc. 


This proposition corresponds to x. 54, and the problem solved in it is to 
find and to classify the side of a square equal to the rectangle contained by a 
first apotome and p, or (algebraically) to find 

Jp{hp~^p s/T^). 


First find u, v from the equations 
u + v~ kp 

If w, V represent the values so found, put 

0(^ = pU \ 

y = pv ) *“■ 


and {x -y) shall be the square root required. 

To prove this Euclid argues thus. 

By (i), M : /v/i - X* = ^kp \/i — : 7', 

whence pu : ^ kp^ Vi - X^ = \ kp^ J i : pVj 

or x‘ : \kp^ yji - A.^ = ^kp^ tj : y'K 

But [Lemma after x. 53] 


.(I). 

(2), 


so that 


H. e;. III. 


: xy == xy \ y\ 
xy = ^kp^ 


••( 3 )- 

13 
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[x. 91/92 


Therefore {x -yf = + / - 2xy 

= p{u + v)- kp^ sfT- 


Thus (x ^y) is equal to J p {kp ~ kp J i — 

It has next to be proved that {x-y) is an apotome. 

From (i) it follows, by x. 17, that 

u ^ v\ 

thus V are both commensurable with {u + v) and therefore with p,. 

Hence Uy v are both rational, 
so that pUy pv are rational areas ; 

therefore, by (2), are rational and commensurable 

whence also a', y are rational straight lines 

Next, \/i - A .2 is rational and w p ; 
therefore ^kp^ \Ai — is a medial area. 

That is, by (3), xy is a medial area. 

But [(5)] y^ is a rational area ; 
therefore xy ^ y\ 

or X ^ y. 

But [(6)] Xy y are both rational. 

Therefore Xy y are rational and ; 
so that {x—y) is an apotome. 

To find the form of (x-y) algebraically, we have, by solving (i), 

u ^ ^kp(i +X)y 
V - Ikp (I - A), 


whence, from (2), 


and 


X - y 






(4) . 

(5) . 

( 6 ) . 


As explained in the note on x. 54, {x —y) is the lesser positive root of the 
biquadratic equation 


a:* — 2kp ^ . + \* /^p* = o. 


i^ROPOSITION 92. 

If an area be contained by a rational straight line and a 
second apotome, the '‘side" of the area is a first apotome of a 
medial straight line. 

For let the area ABh& contained by the rational straight 
line AC and the second apotome AD ; 
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1 say that the “side” of the area AB is a. first apotome of a 
medial straight line. 



For let DG be the annex to AB ; 
therefore A G, GD are rational straight lines commensurable 
in square only, [x. 73] 

and the annex DG is commensurable with the rational straight 
line A C set out, 

while the square on the whole AG is greater than the square 
on the annex GD by the square on a straight line commen- 
surable in length with AG. [x. Deff. in. 2] 

Since then the square on AG is greater than the square 
on GD by the square on a straight line commensurable 
with AG, 

therefore, if there be applied to AG a. parallelogram equal to 
the fourth part of the square on GD and deficient by a square 
figure, it divides it into commensurable parts. [x. 17] 

Let then DG be bisected at E, 

let there be applied to AG a parallelogram equal to the square 

on EG and deficient by a square figure, 

and let it be the rectangle AF, EG ; 

therefore AFis commensurable in length with FG. 

Therefore AG is also commensurable in length with each 
of the straight lines AF, FG. [x. 15] 

But AG is rational and incommensurable in length 
with AC; 


13— a 
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[x. 92 


therefore each of the straight lines A/^, FG is also rational 
and incommensurable in length with AC 'y [x. 13] 

therefore each of the rectangles A][, FK is medial. [x. 21] 
Again, since DE is commensurable with EG, 
therefore DG is also commensurable with each of the straight 
lines DE, EG. [x- 15] 

But DG is commensurable in length with AC. 

Therefore each of the rectangles DH, EK is rational. 

[x. 19] 

Let then the square LM be constructed equal to AI, 
and let there be subtracted NO equal to FK and being about 
the same angle with LM, namely the angle LPM •, 

therefore the squares LM, NO are about the same diameter. 

[vi. 26] 

Let PR be their diameter, and let the figure be drawn. 
Since then AI, FK are medial and are equal to the squares 
on LP, PN, 

the squares on LP, PN are also medial ; 

therefore LP, PN are also medial straight lines commen- 
surable in square only. 

And, since the rectangle AF, FG is equal to the square 
on EG, 

therefore, as AF is to EG, so is EG to FG, [vi. 17] 

while, as AF is to EG, so is AI to EK, 
and, as EG is to FG, so is EK to FK ; [vi. i] 

therefore EK is a mean proportional between AI, FK. [v. u] 

But MN is also a mean proportional between the squares 
LM, NO, 

and A I is equal to LM, and FK to NO ; 
therefore MN is also equal to EK. 

But DH is equal to EK, and L O equal to MN ; 

therefore the whole DK is equal to the gnomon UVW 
and NO. 

Since then the whole AK is equal to LM, NO, 
and, in these, DK is equal to the gnomon U VW and NO, 
therefore the remainder AB is equal to TS. 
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But TS is the square on ZiV ; 
therefore the square on LJV is equal to the area AB ; 
therefore LJV is the “side” of the area AB. 

I say that LJV is a first apotome of a medial straight line. 

For, since EK is rational and is equal to LO, 

therefore LO, that is, the rectangle LP, PN, is rational. 

But N O was proved medial ; 
therefore 1^0 incommensurable with NO. 

But, as ZO is to NO, so is LP to PN \ [vi. i] 

therefore LP, PN are incommensurable in length. [x. n] 

Therefore LP, PN are medial straight lines commen- 
surable in square only which contain a rational rectangle ; 

therefore LN is a first apotome of a medial straight line. 

[x. 74] 

And it is the “side” of the area AB. 

Therefore the “side” of the area AB \s, 2^ first apotome 
of a medial straight line. 

Q. E. D. 

There is an evident flaw in the text in the place (Heiberg, p. 282, 
11 . 17 — 20: translation p. 196 above) where it is said that “since then AI, FK 
ire medial and are equal to the squares on ZF, PN, the squares on LP, PN 
are also medial ; therefore LP, PN are also medial straight lines commensurable 
in square only." It is not till the last lines of the proposition (Heiberg, p. 284, 
11 . 17, 18) that it is proved that LP, PN are incommensurable in length. What 
should have been proved in the former passage is that the squares on LP, PN 
are commensurable, so that LP, PN are commensurable in square (not 
commensurable in square only). I have supplied the step in the note below : 
“ Also 0^ f, since u v." Theon seems to have observed the omission and 
to have put “and commensurable with one another” after “ medial” in the 
ptassage quoted, though even this does not show why the squares on LP, PN 
are commensurable. One ms . (V) also has “ only ” (ftovov) erased after 
“ commensurable in square.” 

This proposition amounts to finding and classifying 

The method is that of the last proposition. Euclid solves, first, the 
equations 

kp ] 

U + V= I . . 

y (')• 

uv = W i 
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Then, using the values of v so found, he puts 

1 (!), 

and {x-y) is the square root required. 

That = 

is proved in the same way as is the corresponding fact in x. 91. 

From (i) u\\k^~\kp\v^ 

so that pu : J kp^ ~ \ kp ^ : pv. 

But \xy ~ xy \y‘^^ 

whence, by (2), xy = lkp^ (3)- 

Therefore (x - y)^ = x“ -hy^ — 2xy 

= p{u + v) — kp‘^ 

Next, we have to prove that {x ~ j) is a first apotome of a medial straight 
line. 

From (i) it follows, by x. 17, that 


therefore v are both {u + v). 

But [(i)] {u + v) is rational and w p ; 

therefore u, v are both rational and ^ p (5). 

Therefore p«, pv^ or are both medial areas, and x^ y are medial 

straight lines (6). 

Also x^ ^ since u v [(4)] (7). 

Now xy^ or is a rational area ; 
therefore xy 

and X y. 

Hence [(6), (7), (3)] x^ y are medial straight lines commensurable in square 
only and containing a rational rectangle ; 

therefore {x is a first afotome of a medial straight line. 

Algebraical solution of the equations gives 

1 I 7. 

V = h kp , 


x-y:=-^ p 


/ k ll + \\ 

2 \ T^) 




As explained in the note on x. 55, this is the lesser positive root of the 
equation 

. 2 kp^ „ 

X* .- jU-- x^ ■¥ - „ k-p* r-. o. 

Vl_A3 I_xs 
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Proposition 93. 

If an area be contained by a rational straight line and a 
third apotome, the “side" of the area is a second apotome of a 
medial straight line. 

For let the area AB he contained by the rational straight 
line AC and the third apotome AD ; 

I say that the “side” of the area AB is a. second apotome of 
a medial straight line. 

For let DG be the annex to AD ; 
therefore AG, GD are rational straight lines commensurable 
in square only, 

and neither of the straight lines A G, GD is commensurable 
in length with the rational straight line A C set out, 
while the square on the whole AG is greater than the square 
on the annex DG by the square on a straight line commen- 
surable with AG. [x. Deff. ni. 3] 



Since then the square on AG is greater than the square 
on GD by the square on a straight line commensurable 
with AG, 

therefore, if there be applied to AG a parallelogram equal to 
the fourth part of the square on DG and deficient by a square 
figure, it will divide it into commensurable parts. [x. 17] 

Let then DG be bisected at E, 

let there be applied to AG a parallelogram equal to the 
square on EG and deficient by a square figure, 
and let it be the rectangle AE, EG. 
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Let EH, FI, GK be drawn through the points E, F, G 
parallel to A C. 

Therefore AF, FG are commensurable ; 
therefore AI \s also commensurable with FH. [vi. i, x. n] 
And, since AF, FG are commensurable in length, 
therefore AG \% also commensurable in length with each of 
the straight lines AF, FG. [x- 15] 

But AG is rational and incommensurable in length 
with AC ; 

so that AF, FG are so also. [x- 13] 

Therefore each of the rectangles AI, FK is medial, [x. 21] 

Again, since DE is commensurable in length with EG, 

therefore DG is also commensurable in length with each of 
the straight lines DE, EG. [x- 15] 

But GD is rational and incommensurable in length 
with A C : 

therefore each of the straight lines DE, EG is also rational 
and incommensurable in length with AC\ [x. 13] 

therefore each of the rectangles DH, EK is medial. [x. 21] 
And, since AG, GD are commensurable in square only; 
therefore AG is incommensurable in length with GD. 

But AG is commensurable in length with AF, and DG 
with EG ; 

therefore AF is incommensurable in length with EG. [x. 13] 
But, as AF is to EG, so is AI to EK ; [vi. i] 

therefore A I is incommensurable with EK. [x. ii] 

Now let the square LM be constructed equal to AI, 

and let there be subtracted NO equal to FK and being about 
the same angle with LM ; 

therefore LM, NO are about the same diameter. [vi. 26] 

Let PR be their diameter, and let the figure be drawn. 
Now, since the rectangle AF, FG- is equal to the square 
on EG, 

therefore, as AF is to EG, so is EG to FG. 


[VI. 17] 
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But, as AF is to BG, so is A/ to BB, 
and, as is to BG, so is BK to FK ; [vi. i] 

therefore also, as A I is to BK, so is BK to FK ; [v. n] 

therefore BK is a mean proportional between AI, FK. 

But MN is also a mean proportional between the squares 
LM, NO, 

and A I is equal to LM, and FK to NO ; 
therefore BK is also equal to MN. 

But MN is equal to LO, and BK equal to DH ; 
therefore the whole DK is also equal 10 the gnomon UVW 
and NO. 

But AK is also equal to LM, NO', 
therefore the remainder AB is equal to ST, that is, to the 
square on LN ; 

therefore LN is the “side” of the area AB. 


I say that LN is a second apotome of a medial straight 
line. 

For, since AI,FK were proved medial, and are equal to the 
squares on LP, PN, 

therefore each of the squares on LP, PN is also medial ; 
therefore each of the straight lines LP, PN is medial. 

And, since AI is commensurable with FK, [vi. i, x. n] 
therefore the square on LP is also commensurable with the 
square on PN. 

Again, since AI was proved incommensurable with BK, 
therefore LM is also incommensurable with MN, 
that is, the square on LP with the rectangle LP, PN ; 
so that LP is also incommensurable in length with PN •, 

[vi. I, X. Il] 

therefore LP, PN are medial straight lines commensurable in 
square only. 

I say next; that they also contain a medial rectangle. 

For, since BK was proved medial, and is equal to the 
rectangle LP, PN, 

therefore the rectangle LP, PN is also medial, 

so that LP, PN are medial straight lines commensurable in 

square only which contain a medial rectangle. 
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Therefore LN is a second apotome of a medial straight 
line ; [x. 75] 

and it is the “side” of the area AB. 

Therefore the “side” of the area AB is a second apotome 
of a medial straight line. 

Q. E. D. 

Here we are to find and classify the irrational straight line 

J p(jk.p-jk,psl l “X"). 

Following the same method, we put 

U+V:^Jk.p I 

uv={kp^x -X'O i ^ ' 

Next, tiy V being found, let 

"r""} (^); 

=: pv ) 

then is the square root required and is a second apotome of a medial 

straight line. 

That {x —y) is the square root required and that f are medial areas, so 
that x^ y are medial straight lines, is proved exactly as in the last proposition. 
The rectangle xy^ being equal to | Jk ,p^ - X^, is also medial. 

Now, from (i), by x. 17, u ZS 

whence u-vv u. 

But (w + z;), or fk.p, ^\fk,p\li- X- ; 

therefore w J Jk . p Vi — X-, 

and consequently pu \ Jk, p^ sfV- X-, 


whence 

And, since u 


xyy 


pu pVy 


Thus jc, y are medial straight lines commensurable in square only. 
And xy is a medial area. 

Therefore {x - j) is a second apotome of a medial straight line. 

Its actual form is found by solving equations (i), (2) ; 

thus « = i {fk . p + X Jk . p), 




As explained in the note on x. 56, this is the lesser positive root of the 
equation 

- 2 Jk , p^x^ + X^kp^ = o. 
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Proposition 94. 

If an area be contained by a rational straight line and a 
fourth apotome, the '' sidd” of the area is minor. 

For let the area AB be contained by the rational straight 
line AC and the fourth apotome AD ; 

I say that the “side” of the area AB is minor. 

For let DG be the annex to AD ; 
therefore AG, are rational straight lines commensurable 
in square only, 

AG is commensurable in length with the rational straight line 
A C set out, 

and the square on the whole AG is greater than the square 
on the annex DG by the square on a straight line incommen- 
surable in length with A G, [x. Deflf. m. 4] 



Since then the square on AG is greater than the square 
on GD by the square on a straight line incommensurable 
in length with AG, 

therefore, if there be applied to AG a. parallelogram equal to 
the fourth part of the square on DG and deficient by a square 
figure, it will divide it into incommensurable parts. [x. 18] 
Let then DG be bisected at E, 
let there be applied to ^ G a parallelogram equal to the square 
on EG and deficient by a square figure, 
and let it be the rectangle AE, EG ; 
therefore AE is incommensurable in length with EG. 
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Let EH, FI, GK be drawn through E, F, G parallel to 
AC, BD. 

Since then AG is rational and commensurable in length 
with AC, 

therefore the whole is rational. [x. 19] 

Again, since EG is incommensurable in length with AC, 
and both are rational, 

therefore DK is medial. [x. 21] 

Again, since AFis incommensurable in length with FG, 
therefore A I is also incommensurable with FK. [vi. i, x. ii] 
Now let the square LAfhc constructed equal to A I, 
and let there be subtracted NO equal to FK and about the 
same angle, the angle LPM. 

Therefore the squares LM, NO are about the same 
diameter. [vi. 26] 

Let PR be their diameter, and let the figure be drawn. 

Since then the rectangle AF, FG is equal to the square 
on EG, 

therefore, proportionally, as AFis to EG, so is EG to FG. 

[vi. 17] 

But, as ^ A is to EG, so is AI to EK, 
and, as A" 6^ is to FG, so is EK to FK ; [vi. i] 

therefore EK is a mean proportional between A I, FK. [v. n] 
But MN is also a mean proportional between the squares 
LM, NO, 

and A I is equal to LM, and FK to NO ; 
therefore EK is also equal to MN. 

But DH is equal to EK, and LO is equal to MN ; 

therefore the whole DK is equal to the gnomon UVW 
and NO. 

Since, then, the whole AK is equal to the squares 
LM, NO, 

and, in these, DK is equal to the gnomon UVW and the 
square NO, 

therefore the remainder AB is equal to ST, that is, to the 
square on LN •, 

therefore LN is the “side” of the area AB. 



PROPOSITION 94 


205 


X. 94] 


I say that LN is the irrational straight line called minor. 
For, since AK is rational and is equal to the squares on 
LP, PN, 

therefore the sum of the squares on LP, PN is rational. 

Again, since DK is medial, 
and DK is equal to twice the rectangle LP, PN, 
therefore twice the rfectangle LP, PN is medial. 

And, since A I was proved incommensurable with PK, 

therefore the square on LP is also incommensurable with the 
square on PN. 

Therefore LP, PN are straight lines incommensurable in 
square which make the sum of the squares on them rational, 
but twice the rectangle contained by them medial. 

Therefore LN is the irrational straight line called minor; 

76] 

and it is the “side” of the area AB. 

Therefore the “side” of the area AB is minor. 


Q. E. D. 


We have here to find £Cnd classify the straight line 

t ■ 

p 




(0, 


.(2). 


As usual, we find 1/, v from the equations 

u + V^kp 'V 

, ky I 

uv = ^ ( 

^ I -f A J 

and then, giving v their values, we put 

- pu I 
y^^pv j 

Then {x -y) is the required square root. 

This is proved in the same way as before, and, as before, it is proved that 

= i 7=- 

Now, from (i), by x, 18, u v\ 

therefore pu ^ pVy 

or yy y\ 

so that Xy y are incommensurable in square. 

And 0^ yy or p (u + v)y is a rational area {kp^\ 
kp^ 

But 2xy - - i = T= , which is a medial area. 

V I + A 

Hence [x. 76] {x-^y) is the irrational straight line called minor. 
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Algebraical solution gives 

u=\kp{^ + y 

whence x-y^pj\ (i + ^ - P \/f( ^ - s 7 7-^-^) • 

As explained in the note on x. 57, this is the lesser positive root of the 
equation 

.v^ - 2 V • = O' 

I + X 


Proposition 95. 

If an area be contained by a rational straight line and a 
fifth apotome, the “ side " of the area is a straight line which 
produces with a rational area a medial whole. 

For let the area -^4^ be contained by the rational straight 
line AC and the fifth apotome AD ; 

I say that the “side” of the area AB is a straight line which 
produces with a rational area a medial whole. 

For let DG be the annex to AD ; 
therefore AG, GD are rational straight lines commensurable 
in square only, 



the annex GD is commensurable in length with the rational 
straight line AC set out, 

and the square on the whole AG is greater than the square 
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on the annex DG by the square on a straight line incommen- 
surable with A G. [x. Deflf. in. 5] 

Therefore, if there be applied to AG a. parallelogram 
equal to the fourth part of the square on DG and deficient 
by a square figure, it will divide it into incommensurable 
parts. [x- 18] 

Let then DG be bisected at the point E, 
let there be applied to AG a parallelogram equal to the 
square on EG and deficient by a square figure, and let it be 
the rectangle AE, EG ; 

therefore AE is incommensurable in length with EG. 

Now, since AG is incommensurable in length with CA, 
and both are rational, 

therefore AE is medial. [x. 21] 

Again, since DG is rational and commensurable in length 
with AC, 

DK is rational. [x- 19] 

Now let the square LM be constructed equal to AI, and 
let the square NO equal to FK and about the same angle, the 
angle LPM, be subtracted ; 

therefore the squares LM, NO are about the same diameter. 

[vi. 26] 

Let PR be their diameter, and let the figure be drawn. 
Similarly then we can prove that LN is the “side” of the 
area AB. 

I say that LN is the straight line which produces with a 
rational area a medial whole. 

For, since AK was proved medial and is equal to the 
squares on LP, PN, 

therefore the sum of the squares on LP, PN is medial. 

Again, «ince DK is rational and is equal to twice the 
rectangle LP, PN, 
the latter is itself also rational. 

And, since A I is incommensurable with FK, 
therefore the square on LP is also incommensurable with the 
square on PN ; 

therefore LP, PN are straight lines incommensurable in 
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square which make the sum of the squares on them medial 
hut twice the rectangle contained by them rational. 

Therefore the remainder LN is the irrational straight line 
called that which produces with a rational area a medial 
whole ; [x- 77 ] 

and it is the “ side ” of the area AB. 

Therefore the “side” of the area AB is a straight line 
which produces with a rational area a medial whole. 

Q. E. D. 


Here the problem is to find and classify 
As usual, we put 


Jp{kp + A — kp). 

} 


U-\-V=-kpJl-\-k 
UV - \^P^ 

and, u, z> being found, we take 

x^-pu I 

= J 

Then {x -y) so found is our required square root. 

This fact is proved as before, and, as before, we see that 

xy = ikp\ 

Now from (i), by x. ^8, u v/ v, 

whence pu pv, 

or ^ /, 

and X, y are incommensurable in square. 

Next {x^ + y^) == p {u v) = kp^ J i + A, which is a medial area. 
And 2xy = kp% which is a rational area. 

Hence (x-y) is the side of a medial^ minus a rational^ area. 
Algebraical solution gives 

2 


(l). 

.(2). 


[x- 77] 


u = — (V I + A + /h/A), 


z/ = ^ (Vi + A, - J\), 

and therefore 

x-y = pif^{>Ji+k+ JX) - p f ^ (Vi + X - 7X), 

which is, as explained in the note to x. 58, the lesser positive root of the 
equation 

X* - zk^ Vi + X . jf* + Xi4*p‘ = o. 
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Proposition 96. 

If an area be contained by a rational straight line and a 
sixth apotome, the "side” of the area is a straight line which 
produces with a medial area a medial whole. 

Por let the area AB hft contained by the rational straight 
line AC and the sixth apotome AD ; 

I say that the “side” of the area AB is a straight line which 
produces with a medial area a medial whole. 



For let DG be the annex to AD ■, 

therefore AG, GD are rational straight lines commensurable 
in square only, 

neither of them is commensurable in length with the rational 
straight line AC set out, 

and the square on the whole (7 is greater than the square 
on the annex DG by the square on a straight line incommen- 
surable in length with A G. [x. Deff. m. 6] 

Since then the square on AG is greater than the square 
on GD by the square on a straight line incommensurable in 
length with AG, 

therefore, if there be applied to AG a parallelogram equal to 
the fourth part of the square on DG and deficient by a square 
figure, it will divide it into incommensurable parts. [x. 18] 

Let then DG he bisected at £, 
let there be applied to ^ 6^ a parallelogram equal to the square 


H. E. in. 


14 
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on EG and deficient by a square figure, and let it be the 
rectangle AF, FG ; 

therefore AF \s incommensurable in length with FG. 

But, as AF is to FG, so \s AI to FE; [vi -i] 

therefore A/ is incommensurable with FF. [x. ii] 

And, since AG, AC are rational straight lines commensur- 
able in square only, 

is medial. [x. 21] 

Again, since AC, FG are rational straight lines and 
incommensurable in length, 

DK is also medial. [x. 21] 

Now, since AG, GD are commensurable in square only, 
therefore AG is incommensurable in length with GD. 

But, as AG is to GD, so is AK to KD ; [vi. i] 

therefore AK is incommensurable with KD. [x. 11] 


Now let the .square LM he constructed equal to AI, 
and let NO (.-qual to FK, and about the same angle, be 
subtracted ; 

therefore the squares LM, NO are about the same diameter. 

[vi. 26] 

Let PR be their diameter, and let the figure be drawn. 
Then in manner similar to the above we can prove that 
LN is the “ side ” of the area Ah. 


I say that LN is a straight line which produces with a 
medial area a medial whole. 

For, since AK was proved medial and is equal to the 
squares on LP, PN, 

therefore the sum of the squares on LP, PN is medial. 

Again, since DK was proved medial and is equal to twice 
the rectangle LP, PN, 

twice the rectangle LP, PN is also medial. 

And, since AK was proved incommensurable with DK, 

the squares on LP, PN are also incommensurable with twice 
the rectangle LP, PN. 

And, since AI is incommensurable with FK, 

therefore the square on LP is also incommensurable with the 
square on PN ■, 
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therefore LP, PN are straight lines incommensurable in 
square which make the sum of the squares on them medial, 
twice the rectangle contained by them medial, and further the 
squares on them incommensurable with twice the rectangle 
contained by them. 

Therefore LN is the irrational straight line called that 
which produces with a medial area a medial whole; [x. 78] 

and it is the “side” of the area AB. 

Therefore the “side” of the area is a straight line which 
produces with a medial area a medial whole. 

Q. E. 1). 


We have to find and classify 

slp{Jk.p- p). 

Put, as usual, 


and, «, V being thus found, let 


7/ + 7/ = . p ^ 

(0. 

uv=l\p^ J 

X^ ” pw 1 

y=pvl 

(2)- 


Then, as before, (x -y) is the square root required. 
For, from (i), by x. 18, u ^ Vy 

whence pu w pVy 

or 


and Xy y are incommensurable in square. 

Next, ^ = p (7/ f 7 ^ = s!^ • which is a medial area. 

Also 2xy - . p\ which is again a medial area. 

Lastly, Jk , py JK- p are by hypothesis so that 

fjk . p W yj\ . p, 

whence Jk . p* v./ . p*, 

or {xr^ f) 2xy, 

Thus {x -y) is the side of a medialy minus a medialy area [x. 78]. 
Algebraical solution gives 




whence x—y = + V-i — A) - — A). 

This, as explained in the note on x. 59, is the lesser positive root of the 
equation 

x*-2jji.p^^ + {k-X)p*=^o. 


14—2 
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Proposition 97. 

The square on an apotome applied to a rational straight 
line produces as breadth a first apotome. 

Let be an apotome, and CD rational, 
and to CD let there be applied CE equal to the square on 
AB and producing CF as breadth ; 

1 say that CF is a first apotome. 

A B G 

1 


c F N K M 






D E 

i 0 H L 


For let BG be the annex to AB ; 
therefore AG, GB are rational straight lines commensurable 
in square only. [x. 73] 

To CD let there be applied CH equal to the square on 
A G, and KL equal to the square on BG. 

Therefore the whole CL is equal to the squares on A G, GB, 
and, in these, CE is equal to the square on A B] 
therefore the remainder FL is equal to twice the rectangle 
AG, GB. [n. 7] 

Let FM be bisected at the point N, 
and let NO be drawn through N parallel to CD ; 
therefore each of the rectangles FO, LN is equal to the 
rectangle A G, GB. 

Now, since the squares on AG, GB are rational, 
and DM is equal to the squares on AG, GB, , 
therefore DM is rational. 

And it has been applied to the rational straight line CD, 
producing CM as breadth ; 

therefore CM is rational and commensurable in length with 
CD. [x. 20] 

Again, since twice the rectangle AG, GB is medial, and 
FL is equal to twice the rectangle A G, GB,^ 
therefore FL is medial. 
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And it is applied to the rational straight line CD, producing 
FM as breadth ; - 

therefore FM is rational and incommensurable in length with 
CD. [x. 22] 

And, since the squares on AG, GB are rational, 
while twice the rectangle A G, GB is medial, 

therefore the squares on AG, GB are incommensurable with 
twice the rectangle AG, GB. 

And CL is equal to the squares on A G, GB, 
and FL to twice the rectangle A G, GB ; 
therefore DM is incommensurable with FL. 

But, as DM is to FL, so is CM to FM; [vi. i] 

therefore CM is incommensurable in length with FM. [x. ii] 
And both are rational ; 

therefore CM, MF are rational straight lines commensurable 
in square only ; 

therefore CF is an apotome. [x. 73] 

I say next that it is also a first apotome. 

For, since the rectangle AG, GB is a mean proportional 
between the squares on A G, GB, 

and CH is equal to the square on A G, 

KL equal to the square on BG, 

and NL equal to the rectangle AG, GB, 

therefore NL is also a mean proportional between CH, KL ; 

therefore, as CH is to NL, so is NL to KL. 

But, as CH is to NL, so is CK to NM, 
and, as NL is to KL, so is NM to KM ; [vi. i] 

therefore the rectangle CK, KM is equal to the square on 
NM [vi. 17], that is, to the fourth part of the square on FM. 

And, since the square on AG is commensurable with the 
square on GB, 

CH is also commensurable with KL. 

But, as CH is to KL, so is CK to KM ; 
therefore CK is commensurable with KM. 

Since then CM, MF are two unequal straight lines. 


[VI. i] 

[x. Il] 
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and to CM there has been applied the rectangle CK, KM 
equal to the fourth part of the square on FM deficient by 
a square figure, 

while CK is commensurable with KM, 

therefore the square on CM is greater than the square on MF 
by the square on a straight line commensurable in length 
with CM. [x. 17] 

And CM is commensurable in length with the rational 
straight line CD set out ; 

therefore CF is a first apotome. [x. Deff. 111. i] 

Therefore etc. 

Q. E. D. 

Here begins the hexad of propositions solving the problems which are the 
converse of those in the hexad just concluded. Props. 97 to 102 correspond 
of course to Props. 60 to 65 relating to the binomials etc. 

We have in x, 97 to prove that, (p — sjk . p) being an apotome, 

{P-Jk.pf 

(T 

is 2^ first apotome, and we have to find it geometrically. 

Euclid’s procedure may be represented thus. 

Take x, y, z such that 

(T.Y = p2 \ 

= V [ (0- 

cr . 2Z ~ 2 Jk . p^ / 

Thus (x + j) - 20 = , 

O’ 

and we have to prove that (x-hy) - 20 is a first apotome. 

(a) Now p^ + or or (x +y), is rational ; 


therefore (x ^hy) is rational and ^ a- (2). 

And 2 jjk . p^, or O’ , 20, is medial : 

therefore 20 is rational and cr (3). 


But, o (x -hy) being rational, and a . 20 medial, 

<r{x +y) w or . 20, 

whence (jr + j/) v., 20. 

Therefore, since {x -f y), 20 are both rational [(2), (3)], 

{x -^y), 2z are rational and ^ (4). 

Hence {x + j) - 20 is an apotome. 

(/ 3 ) Since Jk . p^ is a mean proportional between p\ kf?, 

<TZ is a mean proportional between crx, try [by (i)]. 

That is, a-x : o’Z — (TZ : ay, 

X : z = z :y, 
xy = z^, or i(20)'^ 


or 

and 


( 5 )- 
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And, since p* <rx 

or X (6)* 


Hence [(5), (6)], by x. 17, ^ 

n/(jc ■\-yY - (2zy* {x + j). 
And [(4)] {x + j/), 2z are rational and 
while [(2)] {x-\- y) ^ CT] 
therefore {x ^-y) — 2Z is a first apotome. 

The actual value of {x ^y)-~ 2Z is of course 


Proposition 98. 

The square on a first apotome of a medial straight line 
applied to a rational straight line produces as breadth a second 
^otome. 

Let AB be a first apotome of a medial straight line and 
CD a rational straight line, 

and to CD let there be applied CD equal to the square on 
AB, producing C/^as breadth ; 

I say that CF is a second apotome. 

For let BG be the annex to AB 
therefore A G, GB are medial straight lines commensurable in 
square only which contain a rational rectangle. [x. 74] 


A 

B 

P 



C 

- N 1 

< M 





D E 

: c 

D H L 


To CD let there be applied CH equal to the square on 
AG, producing CK as breadth, and KL equal to the square 
on GB, producing KM as breadth ; 

therefore the whole CL is equal to the squares on A G, GB ; 
therefore CL is also medial. [x. 15 and 23, Por.] 

And it is applied to the rational straight line CD, pro- 
ducing CM as breadth ; 

therefore CM is rational and incommensurable in length with 
CD, [*• 
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Now, since CL is equal to the squares on AG, GB, 
and, in these, the square on AB is equal to CE, 
therefore the remainder, twice the rectangle AG, GB,, is equal 
to FL. ["• 7] 

But twice the rectangle AG, GB is rational ; 
therefore FL is rational. 

And it is applied to the rational straight line FE, producing 
FM as breadth ; 

therefore FAT is also rational and commensurable in length 
with CD. [X- 

Now, since the sum of the squares on AG, GB, that is, 
CL, is medial, while twice the rectangle AG, GB, that is, FL, 
is rational, 

therefore CL \s incommensurable with FL. 

But, as CL is to FL, so is CM to FM ■, [vi. i] 

therefore CAI incommensurable in length with FM. [x. n] 
And both are rational ; 

therefore CM, MF are rational straight lines commensurable 
in square only ; 

therefore CF is an apotome. [x. 73] 

I say next that it is also a second apotome. 

For let FM be bisected at JV, 
and let JLO be drawn through // parallel to CD ; 
therefore each of the rectangles FO, NL is equal to the 
rectangle A G, GB. 

Now, since the rectangle AG, GB is a mean proportional 
between the squares on AG, GB, 
and the square on is equal to CH, 
the rectangle AG, GB to NL, 
and the square on BG to KL, 

therefore NL is also a mean proportional between CH, KL‘, 
therefore, as CH is to NL, so is AX to KL. 

But, as CH is to NL, so is CK to NM, 
and, as NL js to KL, so is NM to MK ; [vi. i] 

therefore, as CK is to NM, so is NM to KM ; [v. n] 

therefore the rectangle CK, KM is equal to the square on 
NM\y\. 17], that is, to the fourth part of the square on FM. 
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Since then CM, MF are two unequal straight lines, and 
the rectangle CK, KM equal to the fourth part of the square 
on MF and deficient by a square figure has been applied to 
the greater, CM, and divides it into commensurable parts, 
therefore the square on CM is greater than the square on M F 
by the square on a straight line commensurable in length with 
CM. [x. n] 

And the annex FA/ is commensurable in length with the 
rational straight line CD set out ; 

therefore CF is a second apotome. [x. Deff. ui. 2] 

Therefore etc. 

Q. E. n. 

In this case we have to find and classify 

(k^p ~ k^pY 

O’ 

'Fake Xy z such that 

ax — 

o7 = /iV ■ 

a , 2Z ~ 2k\^ 


(a) Now medial areas ; 

therefore a{x+y) is medial, 

whence {x'k-y) is rational and ^ o- (2). 

But 2kp\ and therefore o- . 22, is rational, 
whence 25 is rational and a ( 3 )* 


And, tr (vV ■\-y) being medial, and o- . 2Z rational, 

a {x ^-y) a . 2Zy 

or + J') ^ 20. 

Hence {x^-y)y 2z are rational straight lines commensura‘ble in square only, 
and therefore (vV ^-y) - 2Z is an apotoine. 

(fi) We prove, as before, that 

xy = l{2zY ( 4 )- 

Also ^ k^p\ or ax 07, 

so that ( 5 )- 

[This step is omitted in P, and Heiberg accordingly brackets it. The 
result is, however, assumed.] 

Therefore [(4), (5)], by x. 17, 

J(x ’¥yy -(2zy {x +yy 

And 2 Z ^ a. 

Therefore (x - 25; is a second apotome, 

2 

Obviously {x +y) — 20 = ^ {Jk (i + >^) — 2^}. 
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Proposition 99. 

The square on a second apotome of a medial straight line 
applied to a rational straight line produces as breadth a third 
apotome. 

Let AD be a second apotome of a medial straight line, 
and CD rational, 

and to CD let there be applied CE equal to the square on 
AB, producing C/^as breadth ; 

I say that CF is a third apotome. 


A 

C 

B G 

1 

- N K M 
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For let EG be the annex to AB \ 
therefore AG, GB are medial straight lines commensurable 
in square only which contain a medial rectangle. [x. 75] 

Let CH equal to the square on AG be applied to CD, 
producing CK as breadth, 

and let KL equal to the square on BG be applied to KH, 
producing KM as breadth ; 

therefore the whole CL is equal to the squares on A G, GB ; 
therefore CL is also medial. [x. 15 and 23, For.] 

And it is applied to the rational straight line CD, producing 
CM as breadth ; 

therefore CM is rational and incommensurable in length with 
CD. [X. 22] 

Now, since the whole CL is equal to the squares on AG, 
GB, and, in these, CE is equal to the square on AB, 
therefore the remainder LF is equal to twice the rectangle 
AG,GB. [11.7] 

Let then EM be bisected at the point JV, 
and let JLO be drawn parallel to CD ; 

therefore each of the rectangles FO, NL is equal to the rect- 
angle A G, GB. 
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But the rectangle A G, GB is medial ; 
therefore FL is also medial. 

And it is applied to the rational straight line EF, producing 
FM as breadth ; 

therefore FM is also rational and incommensurable in length 
with CD. [x. 22] 

And, since A G. GB are commensurable in square only, 
therefore AG is incommensurable in length with GB ; 
therefore the square on ^6^ is also incommensurable with the 
rectangle AG, GB. [vi. i, x. 11] 

But the squares on AG, GB are commensurable with the 
square on AG, 

and twice the rectangle AG, GB with the rectangle AG, GB; 
therefore the squares on AG, GB are incommensurable with 
twice the rectangle A G, GB. [x. 1 3] 

But CL is equal to the squares on A G, GB, 
and FL is equal to twice the rectangle AG, GB ; 
therefore CL is also incommensurable with FL. 

But, as CL is to FL, so is CM to FM ; [vi. 1] 

therefore CM is incommensurable in length with FM. [x. n] 
And both are rational ; 

therefore CM, MF are rational straight lines commensurable 
in square only ; 

therefore CF is an apotome. [x. 73] 

I say next that it is also a third apotome. 

For, since the square on AG is commensurable with the 
square on GB, 

therefore CH is also commensurable with KL, 
so that CK is also commensurable with KM. [vi. i, x. n] 
And, since the rectangle AG, GB is a mean proportional 
between the squares on AG, GB, 

and CH is equal to the square on A G, 

KL equal to the square on GB, 

and NL equal to the rectangle A G, GB, 

therefore NL is also a mean proportional between CH, KL ; 

therefore, as CH is to NL, so is NL to KL. 
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But, as CH is to A^Z., so is CK to NM, 
and, as NL is to KL, so is to KM ; [vi. i] 

therefore, as CK is to MN, so is MN to KM \ [v. ii] 

therefore the rectangle CK, KM is equal to [the square on 
MN, that is, to] the fourth part of the square on FM. 

Since then CM, MF are two unequal straight lines, and 
a parallelogram equal to the fourth part of the square on FM 
and deficient by a square figure has been applied to CM, and 
divides it into commensurable parts, 

therefore the square on CM is greater than the square on 
MF by the square on a straight line commensurable with 
CM. [X. 17] 

And neither of the straight lines CM, MF is commensur- 
able in length with the rational straight line CD set out ; 
therefore CF is a third apotome. [x. Deff. iii. 3] 

Therefore etc. 

Q. E. D. 


We have to find and classify 


Take x, y, z such that 






Jk \ 



<T ,2Z^ ) 


(a) Then o- (x +y) is a medial area, 
whence (x is rational and ^ a .. 

Also or . 2z is medial, 
whence 2z is rational and w o- 


Again 

/l*p V/ , 

whence 

Jk . P* , P*. 

And 


while 

. p‘ 2 JX. . i 

therefore 


or 

cr (x y) cr , 2 Zf 

and 

{x-vy) 2Z 


(1) . 

(2) . 


( 3 )- 
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Thus [(i), (2), (3)] (X +y\ 23 are rational and 
SO that {x +y)- 2Z is an apotome. 

(P) (TX ^ (rj, so that x ^ y. 

And, as before, xy - J {2zf, 

Therefore [x. 17 ] sf{x +>')*'* - (2zf ^ (x -i-y). 
And neither {x +y) nor 2Z is cr. 

Therefore (x - 22; is a Mrd apotome. 

It is of course equal to 


9i 

<T 




Proposition ioo. 

The sqtuire on a minor straight line applied to a rational 
straight line produces as breadth a fourth apotome. 

Let AB be a minor and CD a rational straight line, and 
to the rational straight line CD let CE be applied equal to the 
square on AB and producing CF as breadth ; 

I say that CF is a fourth apotome. 

A ^ o 

c F N K M 


D E O H L 

For let BG be the annex to AB ; 
therefore AG, GB are straight lines incommensurable in 
square which make the sum of the squares on AG, GB 
rational, but twice the rectangle AG, GB medial. 76] 

To CD let there be applied CH equal to the square on 
AG and producing CK as breadth, 

and KL equal to the square on BG, producing KM as breadth ; 
therefore the whole CL is equal to the squares on A G, GB. 

And the sum of the squares on A G, GB is rational ; 
therefore CL is also rational. 

And it is applied to the rational straight line CD, producing 
CM as breadth ; 

therefore CM is also rational and commensurable in length 
with CD. [*• *°] 
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And, since the whole CL is equal to the squares on AG, 
GB, and, in these, CE is equal to the square on AB, 

therefore the remainder FL is equal to twice the rectangle 
AG, GB. [n. 7] 

Let then FM be bisected at the point N, 
and let NO be drawn through N parallel to either of the 
straight lines CD, ML ; 

therefore each of the rectangles FO, NL is equal to the rect- 
angle AG, GB. 

And, since twice the rectangle AG, GB is medial and is 
equal to FL, 

therefore FL is also medial. 

And it is applied to the rational straight line FE, producing 
FM as breadth ; 

therefore FM is rational and incommensurable in length with 
CD. [x- 22] 

And, since the sum of the squares on AG, GB is rational, 
while twice the rectangle AG, GB is medial, 
the squares on AG, GB are incommensurable with twice the 
rectangle AG, GB. 

But CL is equal to the squares on AG, GB, 
and FL equal to twice the rectangle A G, GB ; 
therefore CL is incommensurable with FL. 

But, as CL is to FL, so is CM to MF-, [vi. i] 

therefore CAT is incommensurable in length with MF. [x. ii] 
And both are rational ; 

therefore CM, MF are rational straight lines commensurable 
in square only ; 

therefore CF is an apotome. [x. 73] 

I say that it is also a fourth apotome. 

For, since AG, GB are incommensurable in square, 

therefore the square on AG is also incommensurable with the 
square on GB. 

And CJL is equal to the square on A G, 
and NL equal to the square on GB ; 
therefore CH is incommensurable with KL. 
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But, as CH is to KL, so is CK to KM \ [vi. i] 

therefore CK is incommensurable in length with KM. [x. n] 

And, since the rectangle AG, GB is a mean proportional 
between the squares on AG, GB, 

and the square on ^4 6^ is equal to CH, 

the square on GB to KL, 

and the rectangle AG, GB to NL, 

therefore NL is a mean proportional between CH, KL ; 
therefore, as CH is to NL, so is NL to KL. 

But, as CH is to NL, so is CK to NM, 
and, as NL is to KL, so is NM to KM\ [vi. i] 

therefore, as CK is to MN, so is MN to KM ; [v. ii] 

therefore the rectangle CK, KM is equal to the square on 
MN [vi. 17], that is, to the fourth part of the square on FM. 

Since then CM, MF are two unequal straight lines, and 
the rectangle CK, KM equal to the fourth part of the square 
on MF and deficient by a square figure has been applied to 
CM and divides it into incommensurable parts, 

therefore the square on CM is greater than the square on 
MF by the square on a straight line incommensurable with 
CM. [x. 18] 

And the whole CM is commensurable in length with the 
rational straight line CD set out ; 

therefore CF is a fourth apotome. [x. Deff. in. 4] 

Therefore etc. 

Q. E. V. 

We have to find and classify 

We will call this, for brevity, 

- (u-vf. 

<r 

Take x, z such that 

<TX — I/* 
fry 

O' . 22 = 2 UV 

where it has to be remembered that i/*, are incommensurable, (w* + ?;*) is 
rational, and 2uv medial. 



224 


BOOK X 


[x. lOO, lOI 


It follows that (T {x -k-y) is rational and o- . 2Z medial, 


so that {x ■‘ty) is rational and ^ a (i), 

while 2Z is rational and or (2), 

and or (x +y) w cr . 25, 

so that (x-hy)^2z (3). 


Thus [(i), (2), (3)] (x+y)^ 2 Z are rational and 
so that (x-vy')-2Z is an apotome. 

Next, since w 

€TX ^ ay, 

or X y. 

And it is proved, as usual, that 

xy z^ ^ I (2zf. 

Therefore fx. 18] J{x-\-yf- (22)“ ^ 

But {x ■\-y) cr, 

therefore — 22 is a fourth apotome. 

Its value is of course . 

«-V Vi+z^v 

Proposition 101. 

The square on the straight line which produces with a 
rational area a medial ivhole, if applied to a rational straight 
line, produces as breadth a fifth apotome. 

Let AB be the straight line which produces with a 
rational area a medial whole, and CD a rational straight line, 
and to CD let CE be applied equal to the square on AB and 
producing CF as breadth ; 

I say that CF is a fifth apotome. 

A B G 

c F N K M 


D E o H L 

F'or let BG be the annex to AB \ 
therefore AG, GB are straight lines incommensurable in 
square which make the sum of the squares on them medial 
but twice the rectangle contained by them rational. [x. 77] 
To CD let there be applied CH equal to the square on 
A Gy and KL equal to the square on GB ; 
therefore the whole CL is equal to the squares on AGy GB. 
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But the sum of the squares on AG, GB together is 
medial ; 

therefore CL is medial. 

And it is applied to the rational straight line CD, producing 
CM as breadth ; 

therefore CM is rational and incommensurable with CD. [x. 22] 
And, since the whole CL is equal to the squares on AG, GB, 
and, in these, CE is equal to the square on AB, 
therefore the remainder FL is equal to twice the rectangle 
AG, GB. [»• 7] 

Let then FM be bisected at N, 
and through N let NO be drawn parallel to either of the 
straight lines CD, ML ; 

therefore each of the rectangles FO, NL is equal to the rect- 
angle AG, GB'. 

And, since twice the rectangle A G, GB is rational and 
equal to FL, 
therefore FL is rational. 

And it is applied to the rational straight line EF, producing 
FM as breadth ; 

therefore FM is rational and commensurable in length with 
CD. [X- *0] 

Now, since CL is medial, and FL rational, 
therefore CL is incommensurable with FL. 

But, as CL is to FL, so is CM to MF ; [vi. i] 

therefore CM is incommensurable in length with MF. [x. 11] 
And both are rational ; 

therefore CM, MF are rational straight lines commensurable 
in square only ; 

therefore CF is an apotome. [x. 73] 

I say next that it is also a fifth apotome. 

For we can prove similarly that the rectangle L.K, fCM 
is equal to the square on NM, that is, to the fourth part of the 
square on FM. 

And, since the square on AG in incommensurable with the 
square on GB, 

‘S 


U. E, III. 
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while the square on AG is equal to CH, 

and the square on GB to KL, 

therefore CH is incommensurable with KL. 

But, as CH is to KL, so is CK to KM; [vi. i] 

therefore CK is incommensurable in length with KM. [x. ii] 

Since then CM, MF are two unequal straight lines, 
and a parallelogram ecjual to the fourth part of the square 
on FM and deficient by a square figure has been applied to 
CM, and ilivides it into incommensurable parts, 
therefore the square on CM is greater than the square on 
AIF by the square on a straight line incommensurable with 
CM. [x. 1 8] 

And the annex FJ\I is commensurable with the rational 
straight line C set out ; 

therefore CF is a fifth apotome. [x. Deff. iii. 5] 

Q. E. D. 

We have to find and classify 

i (- + k - JjrrWCjiY . 

W2(H /<•■*) V2(l+/f'‘) I 


Call this - (u — and take .r, y, z such that 

<r 


Kry — iP" 

O’ , 2 Z~ 2 UV 

In this case u\ are incommensurable, is a medial area and 2uv 

a rational area. 

Since cr{x-\-y) is medial and or . 2Z rational, 

{x +y) is rational and v/ o-, 

2 z is rational and cr, 

while ^ 

It follows that (x +^), 2z are rational and 
so that (x-^y) - 2z is an apotome. 

Again, as before, xy ^ \ 

and, since €rx try, 

or X yj y. 


Hence [x. i 8 ]‘ >/{x - (20)* w (x +y). 

And 2 Z ^ tr. 

Therefore (x +y)- 2 Z is a fifth apotome. 

It is of course equal to 


g.7— — ^ 
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Proposition 102. 

The square on the straight line which produces with a 
medial area a medial whole, if applied to a rational straight 
line, produces as breadth a sixth apotome. 

Let AB he the straight line which produces with a medial 
area a medial whole, and CD a rational straight line, 

and to CD let CE be applied equal to the square on A B and 
producing CF as breadth ; 

I say that CF\% a sixth apotome. 

A B Q 

C F N K M 


O E O H L 

For let BG be the annex to A B -, 

therefore AG, GB are straight lines incommensurable in 
square which make the sum of the squares on them medial, 
twice the rectangle AG, GB medial, and the squares on AG, 
GB incommensurable with twice the rectangle .< 4 6 ^, GB. [x. 78] 

Now to CD let there be applied CH equal to the square 
on AG and producing CK as breadth, 

and KL equal to the square on BG •, 

therefore the whole CL is equal to the squares on AG, GB', 
therefore CL is also medial. 

And it is applied to the rational straight line CD, produc- 
ing CM as breadth ; 

therefore CM is rational and incommensurable in length 
with CD. [x. 22] 

Since now CL is equal to the squares on AG, GB, 
and, in these, CE is equal to the square on AB, 
therefore the remainder FL is equal to twice the rectangle 
AG, GB. [«• 7] 

And twice the rectangle AG, GB is medial ; 
therefore FL is also medial. 


15—2 
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And it is applied to the rational straight line FE, pro- 
ducing FM as breadth ; 

therefore FM is rational and incommensurable in length 
with CD. [x- 22] 

And, since the squares on AG, GB are incommensurable 
with twice the rectangle AG, GB, 
and CL is equal to the squares on AG, GB, 
and FL equal to twice the rectangle AG, GB, 
therefore CL is incommensurable with FL. 

But, as CL is to FL, so is CM to MF-, [vi. i] 

therefore CM is incommensurable in length with MF. [x. ii] 
And both are rational. 

Therefore CM, MF are rational straight lines commen- 
surable in square only ; 

therefore CF is an apotome. [x. 73] 

I say next that it is also a sixth apotome. 

For, since FL is equal to twice the rectangle AG, GB, 
let FM be bisected at N, 

and let N 0 \>& drawn through N parallel to CD ; 
therefore each of the rectangles FO, NI. is equal to the rect- 
angle AG, GB. 

And, since A G, GB are incommensurable in square, 
therefore the square on AG is incommensurable with the 
square on GB. 

But CH is equal to the square on A G, 
and KL is equal to the square on GB ; 
therefore CH is incommensurable with KL. 

But, as CH is to KL, so is CK to KM •, [vi. i] 

therefore CK is incommensurable with KM. [x. n] 

And, since the rectangle AG, GB is a mean proportional 
between the squares on AG, GB, 

and CH is equal to the square on A G, 

KL equal to the square on GB, 

and NL equal to the rectangle AG, GB, 

therefore NL is also a mean proportional between CH, KL ; 

therefore, as CH is to NL, so is NL to KL. 
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And for the same reason as before the square on CM is 
greater than the square on MF by the square on a straight 
line incommensurable with CM. [x. i8] 

And neither of them is commensurable with the rational 
straight line CD set out ; 

therefore CF is a sixth apotome. [x. Deff. ui. 6] 

Q. E. D. 

We have to find and classify 

Call this - (u — vYy and put 

cr 

(TX — 

<Ty =.- z/*, 

Cf . 2Z~ 2UV. 

Here iP' are incommensurable, 

-f v^)y 2UV are both medial areas, 
and {u^ ^ 2UV, 

Since o- + >'), <r . 2z are medial and incommensurable, 

{x -f y) is rational and v-' a-, 

22 is rational and w o-, 

and {^-^y) ^ 2^. 

Hence (x+y), 2z are rational and 
so that (x -^y) — 2z is an apotome. 

Again, since v^y or aXy ay, are incommensurable. 


X yy y. 

And, as before, xy ^ { (zz)^. 

Therefore [x. i8] \/(x +yY - (22)® (x +y). 

And neither {x +y) nor 22: is ^ 2? ; 
therefore (a + 7) — 2Z is a sixth apotome. 

It is of course ~ { J\ . 

Vi + kV 


Proposition 103. 


A straight line commensurable in length with an apotome 
is an apotome and the same in order. 

Let be an apotome, 


and let CD be commensurable in 
length with AB ; 

I say that CD is also an apotome and 
the same in order with AB. 
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For, since AB is an apotome, let BE be the annex to it ; 
therefore AE, EB are rational straight lines commensurable 


in square only. [^- 73 ] 

Let it be contrived that the ratio of BE to OF is the same 
as the ratio of AB to CD ; [vi- 12] 

therefore also, as one is to one, so are all to all ; [v. 12] 

therefore also, as the whole AE is to the whole CF, ?,o\'s,AB 
to CD. 

But AB is commensurable in length with CD. 

Therefore AE is also commensurable with CF, and BE 
with DF. [x- ij] 


And AE, EB are rational straight lines commensurable in 
square only ; 

therefore CF, FD are also rational straight lines commensur- 
able in square only. [x- 13] 


Now since, as A E is to CF, so is BE to DF, 
alternately therefore, as AE is to EB, so is CF to FD. [v. 16] 

And the square on A E is greater than the square on EB 
either by the square on a straight line commensurable with 
AE or by the square on a straight line incommensurable 
with it. 

If then the square on A E is greater than the square on 
EB by the square on a straight line commensurable with AE, 
the square on CF will also be greater than the square on FD 
by the square on a straight line commensurable with CF. 

[x. 14] 

And, if AE is commensurable in length with the rational 
straight line set out, 

is so also, [x. 12] 

if BE, then DF also, [id.] 

and, if neither of the straight lines AE, EB, then neither of 
the straight lines CF, FD. [x. 13] 

But, if the square on AE is greater than the square on EB 
by the square on a straight line incommensurable with AE, 

the square on CF will also be greater than the square on FD 
By the square on a straight line incommensurable with CF. 

[x. 14] 
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And, if AE is commensurable in length with the rational 
straight line set out, 

CF is so also, 

if BE, then Z^A^also, [x. 12] 

and, if neither of the straight lines AE, EB, th<m neither of 
the straight lines CB', FD. [x. 13] 

Therefore CD is an apotome and the same in order 
with AB. 

o. E. I). 

This and the following propositions to 107 inclusive (like the correspond- 
ing theorems x. 66 to 70) are easy and recjuire no elucidation. 'They are 
equivalent to saying that, if in any of the preceding irrational straight lines 

fji , . 

- p is substituted for />, the resulting irrational is of the same f ind and order 
as that from which it is altered. 


Proposition 104. 

A straight line commensurable with an apotome of a 
medial straight line is an apotome of a medial straight Itne 
and the same in order. 

Let ^>9 be an apotome of a medial straight line, 
and let CD be commensurable in 

length with A B ; ^ ? T 

I say that CD is also an apotome of a c p p 

medial straight line and the same in 
order with AB. 

For, since AB is an apotome of a medial straight line, let 
EB be the annex to it. 

Therefore AE, EB are medial straight lines commensur- 
able in square only. [x. 74, 75] 

Let it be contrived that, as is to CD, so is BE to DF\ 

[vi. 12] 

therefore AE is also commensurable with CF, and BE 
DF. [v. 12, X. 11] 

But AE, EB are medial straight lines commensurable in 
square only ; 

therefore CF, FD are also medial straight lines [x. 33] com- 
mensurable in square only ; [x- 13] 

therefore CD is an apotome of a medial straight line. [x. 74, 75 l 
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I say next that it is also the same in order with AB. 

Since, as AE is to £B, so is CE to ED, 
therefore also, as the square on AE is to the rectangle AE, 
EB, so is the square on CF to the rectangle CF, ED. 

But the square on AE is commensurable with the square 
on CE; 

therefore the rectangle AE, EB is also comrnensurable with 
the rectangle CF, ED. [v. 16, x. n] 

Therefore, if the rectangle AE, EB is rational, the rect- 
angle CF, ED will also be rational, [x. Def. 4] 

and if the rectangle AE, EB is medial, the rectangle CF, ED 
is also medial. [x- 23 ) Por ] 

Therefore CD is an apotome of a medial straight line and 
the same in order with AB. [x. 74, 75] 

Q. E. D 

Proposition 105. 

A straight line commensurable with a minor straight line 
is minor. 

Let AB be a minor straight line, and CD commensurable 
with AB ; 

I say that CD is also minor. ^ be 

Let the same construction be made 

as before ; 

then, since AE, EB are incommensur- 
able in square, [x. 76] 

therefore CF, ED are also incommensurable in square, [x. 13] 
Now since, as AE is to EB, so is CF to ED, [v. 12, v. 16] 
therefore also, as the square on A E is to the square on EB, 
so is the square on CE to the square on ED. [vi. 22] 

Therefore, componendo, as the squares on AE, EB are to 
the square on EB, so are the squares on CF, ED to the 
square on ED. [v. 18] 

But the square on BE is commensurable with the square 
on DE; 

therefore the sum of the squares on AE, EB is also commen- 
surable with the sum of the squares on CF, ED. [v. 16, x. ii] 
But the sum of the squares on AE, EB is rational ; [x. 76] 

therefore the sum of the squares on CF, ED is also rational. 

[x. Def. 4] 
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Again, since, as the square owAE is to the rectangle AEy 
EB, so is the scjuarc on CE to the rectangle CE, ED, 
while the square on AE is commensurable with the square 
on CE, 

therefore the rectangle AE, EB is also commensurable with 
the rectangle CE, ED. 

But the rectangle A E, EB is medial ; [x. 76] 

therefore the rectangle CE, ED is also medial ; [x. 23, Por.] 

therefore CE, ED are straight lines incommensurable in square 
which make tht; sum of the squares on them rational, but the 
rectangle contained by them medial. 

Therefore CD is minor. [x. 76] 

Q. E. D. 


Proposition 106. 

A straight line commensurable with that which produces 
with a rational area a medial whole is a straight line whuh 
produces with a rational area a medial whole. 

Let AB be a straight line which produces with a rational 
area a medial whole, 

and CD commensurable with AB ; A b e 

I say that CD is also a straight line ^ of 

which produces with a rational area a ' 

medial whole. 

For let BE be the annex to A B ; 
therefore AE, EB are straight lines incommensurable in 
square which make the sum of the squares on AE, EB 
medial, but the rectangle contained by them rational. [x. 77] 

Let the same construction be made. 

Then we can prove, in manner similar to the foregoing, 
that CE, ED are in the same ratio as AE, EB, 
the sum of the squares on AE, EB is commensurable with 
the sum of the squares on CF, ED, 
and the rectangle AE, EB with the rectangle CE, ED ; 
so that CE, ED are also straight lines incommensurable in 
square which make the sum of the squares on CE, ED medial, 
but the rectangle contained by them rational. 
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Therefore CD is a straight line which produces with a 
rational area a medial whole. [x. 77] 

Q. E. D, 


Proposition 107. 

A straight line commensurable with that which produces 
with a medial area a medial whole is itself also a straight line 
which produces with a medial area a rmdial whole. 

Let be a straight line which produces with a medial 
area a medial whole, 

and let CD be commensurable with AB ; 

A B E 

I say that CD is also a straight line ^ p 

which produces with a medial area a ' 

medial whole. 

For let BE be the annex to AB, 
and let the .same construction be made ; 

therefore AE, EB are straight lines incommensurable in 
square which make the sum of the squares on them medial, 
the rectangle contained by them medial, and further the sum 
of the squares on them incommensurable with the rectangle 
contained by them. [x. 78] 

Now, as was proved, AE, EB are commensurable with 
CF, FD, 

the sum of the squares on AE, EB with the sum of the 
squares on CF, FD, 

and the rectangle AE, EB with the rectangle CF, FD ; 

therefore CF, FD are also straight lines incommensurable in 
square which make the sum of the squares on them medial, 
the rectangle contained by them medial, and further the sum 
of the squares on them incommensurable with the rectangle 
contained by them. 

Therefore CD is a straight line which produces with a 
medial area a medial whole. [x. 78] 

Q. E. D. 
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Proposition 108. 


If from a rational area a medial area be subtracted, the 
"side" of the remaining area becomes one of two irrational 
straight lines, either an apotome or a minor straight line. 


For from the rational area BC let the medial area BD 
subtracted ; 

I say that the “ side ” of the a e b 

remainder EC becomes one 
of two irrational straight lines, 
either an apotome or a minor 
straight line. 

Pot let a rational straight 
line FG be set out, 
to FG let there be applied the 
rectangular parallelogram GIF 
equal to BC, 

and let GK equal to DB be subtracted ; 
therefore the remainder EC is equal to LH. 

Since then BC is rational, and BD medial, 


while BC is equal to GH, and BD to GK, 
therefore GH is rational, and GK medial. 

And they are applied to the rational straight line FG ; 
therefore FH is rational and commensurable in length with 
FG, 20] 

while A'A' is rational and incommensurable in length with/Tf 7 ; 

[x. 22 ] 

therefore FH is incommensurable in length with FK, [x. 13] 
Therefore FH, FK are rational straight lines commen- 
surable in square only ; 

therefore KH is an apotome [x. 73], and KF the annex to it. 

Now the square on HF is greater than the square on FK 
by the square on a straight line either commensurable with 
HF or not commensurable. 

First, let tbe square on it be greater by the square on a 
straight line commensurable with it. 

Now the whole HF is commensurable in length with the 
rational straight line FG set out ; 

therefore KH is a first apotome. [x. Deff. lu. i] 
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But the “side” of the rectangle contained by a rational 
straight line and a first apotome is an apotome. [x. 91] 

Therefore the “ side ” of LH, that is, of ECy is an apotome. 
But, if the square on HF is greater than the square on 
FK by the square on a straight line incommensurable 
with HF, 

while the whole FH is commensurable in length with the 
rational straight line FG set out, 

KH is a fourth apotome. [x. Deff. iii. 4] 

But the “side” of the rectangle contained by a rational 
straight line and a fourth apotome is minor. [x. 94] 

Q. E, D. 

A rational area being of the form and a medial area of the form 
the problem is to classify 

according to the different possible relations between A. 

Suppose that (tu — kp^f 

Jk. 

Since au is rational and av medial, 
u is rational and a*, 
while V is rational and w o-. 

Therefore u ^ v ; 

thus Uy V are rational and 
whence {u — v) is an apotome. 

The possibilities are now as follows. 

(1) 

(2) 

In both cases w ^ a, 

so that (u — v) is either (i) a apotomCy 
or (2) a fourth apotome. 

In case (i) \/(r (w - z/) is an apotome [x. 91], 
but in case (2) Ja- {u- v) is a minor irrational straight line [x. 94]. 


Proposition 109. 

If from a medial area a rational area be subtractedy there 
arise two other irrational straight lines y either a first apotome 
of a medial straight line or a straight line which produces with 
a rational area a medial whole. 

For from the medial area BC let the rational area BD\i^ 
subtracted. 
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I say that the “side” of the remainder iE'C becomes one 
of two irrational straight lines, either a first apotome of a 
medial straight line or a straight line which produces with a 
rational area a medial whole. 

F K H 

B E 


A 0 0 


G L 

For let a rational straight line FG be set out, 
and let the areas be similarly applied. 

It follows then that FH is rational and incommensurable 
in length with FG, 

while KF\s rational and commensurable in length with FG ; 
therefore FH, FK are rational straight lines commensurable 
in square only ; [x. 13] 

therefore KH is an apotome, and FK the annex to it. [x. 73] 
Now the square on HF \% greater than the square on FK 
either by the square on a straight line commensurable with 
HF or by the square on a straight line incommensurable 
with it. 

If then the square on HF is greater than the square on 
FK by the square on a straight line commensurable with HF, 
while the annex FK is commensurable in length with the 
rational straight line FG set out, 

KH is a second apotome. [x. Deff. m. 2] 

But FG is rational ; 

so that the “ side ” of LH, that is, of EC, is a first apotome of 
a medial straight line. [x. 92] 

But, if the square on HF is greater than the square on 
FK by the square on a straight line incommensurable with HF, 
while the annex FK is commensurable in length with the 
rational straight line FG set out, 

KH is a fifth apotome ; [x. Deff. iii. 5] 

so that the “side” of EC is a straight line which produces 
with a rational area a medial whole. [x. 95] 

Q. E. D. 
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In this case we have to classify 
Suppose that cru ~ Jk . p®, 

(TV ~ \p\ 

Thus, <TU being medial and a-v rational, 
u is rational and v/ a, 
while V is rational and tr. 

Thus, as before, v are rational and 
so that {ji — v) is an apotome. 

Now cither 

( I ) J ^ 

or (2) 

while in both cases v is commensurable with cr. 

Therefore {u — v) is either (i) a second apotome, 
or (2) a fifth apotome, 

and hence in case (i) \f(T(u -v) is the first apotome of a medial straight line, 
[x. 92] 

and in case (2) J& {u -^v) is the side of a medial^ 7 nimis a rational^ area, 

[x. 95] 


Proposition iio. 

If from a 7nedial area there be subtracted a medial area 
incommensurable with the wholcy the two remaining irrational 
straight lines arise, either a second apotome of a medial straight 
line or a straight line which produces with a medial area a 
medial whole. 

For, as in the foregoing figures, let there be subtracted 
from the medial area DC the medial area BD incommensur- 
able with the whole ; 

F K H 

B E 


A D C 


Q L 

I say that the “ side'' of is one of two irrational straight 
lines, either a second apotome of a medial straight line or a 
straight line which produces with a medial area a medial whole. 
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For, since each of the rectangles BCy BD is medial, 
and BC is incommensurable with BD, 

it follows that each of the straight lines FH, FK will be 
rational and incommensurable in length with FG. [x. 22] 

And, since BC is incommensurable with BD, 
that is, GH with GK, 

//A' is also incommensurable with FK ; [vi. i, x. n] 

therefore FH, FK are rational straight lines commensurable 
in square only ; 

therefore KH is an apotome. [x. 73] 

If then the square on FH is greater than the square on 
FK by the square on a straight line commensurable with FH, 

while neither of the straight lines FH, FK is commensurable 
in length with the rational straight line FG set out, 

KH is a third apotome. [x. Deff. iii. 3] 

But KL is rational, 

and the rectangle contained by a rational straight line and a 
third apotome is irrational, 

and the “ side ” of it is irrational, and is called a second 
apotome of a medial straight line ; [x. 93] 

so that the “ side ” of LH, that is, of EC, is a second apotome 
of a medial straight line. 

But, if the square on FH is greater than the square on 
FKhy the .square on a straight line incommensurable with FH, 
while neither of the straight lines HF, FK is commensurable 
in length with FG, 

KH is a sixth apotome. fx. Deflf. in. 6] 

But the “ side ” of the rectangle contained by a rational 
straight line and a sixth apotome is a straight line which 
produces with a medial area a medial whole. [x. 96] 

Therefore the “ side ” of LH, that is, of EC, is a straight 
line which produces with a medial area a medial whole. 

Q. E. D. 

We have to classify n/ ,Jk . — JX . p\ 

where is incommensurable with . p*. 

Put <TU= „Jk . p\ 

in'= Ijk. p^. 
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Then u is rational and ^ it, 

V is rational and ^ o-, 

and u ^ V. 

Therefore v are rational and 
so that (« — v) is an apotonie. 

Now either 

( I ) Ju- - V- ^ u, 

or (2) 

while in both cases both u and v are ^ a. 

In case (i) (?/ -v) is a third apotomc 
and in case (2) (« - 7;) is a sixth apotome, 

sc that N/(r (// — V) is either ( i ) a second apotonie op a medial straight line [x. 93], 
or (2) a "side" of the dijference between two medial areas [x. 96I. 


Proposition hi. 

The apotome is not the same with the binomial straight line. 

Let y^Z? be an apotome ; 

I say that AB is not the same with the 
binomial straight line. 

For, if possible, let it be so ; 
let a rational straight line DC be set out, 
and tc CD let there be applied the 
rectangle CE equal to the square on 
AB and producing DE as breadth. 

Then, since AB is an apotome, 

DE is a first apotome. [x. 97] 

Let EF be the annex to it ; 
therefore DF, PE are rational straight 
lines commensurable in square only, 
the square on DF is greater than the square on EE by the 
square on a straight line commensurable with DF, 
and DF is commensurable in length with the rational straight 
line DC set out. [x. Deff. m. i] 

Again, since AB is binomial, 

therefore DE is a first binomial straight line. [x. 60] 

Let it be divided into its terms at G, 
and let DG be the greater term ; 

therefore DG, GE are rational straight lines commensurable 
in square only. 


A B 


P G E F 



PROPOSITIONS no. Ill 


*41 


X. nr] 

the square on DG is greater than the square on GE by the 
square on a straight line commensurable with DG, and the 
greater term DG is commensurable in length with the rational 
straight line DC set out. [x. Deff. u. i] 

Therefore DF is also commensurable in length with DG ; 

[x. 12] 

therefore the remainder GF is also commensurable in length 
with DF. [x. 15] 

But DF is incommensurable in length with EF\ 
therefore FG is also incommensurable in length with EF. [x. 13] 

Therefore GF, FE are rational straight lines commensur- 
able in square only ; 

therefore EG is an apotome. [x. 73] 

But it is also rational : 
which is impossible. 

Therefore the apotome is not the same with the binomial 
straight line. 

Q. E. D. 


This proposition proves the equivalent of the fact that 
+ Jy cannot be equal to .Jx' - .Jy’, and 
x+ Jy cannot be equal to x - Jy'. 

We should prove these results by squaring the respective expressions; and 
Euclid’s procedure corresponds to this exactly. 

He has to prove that 

p+ Ji . p cannot be equal to p' — . p'. 

For, if possible, let this be so. 

Take the straight lines '*' ■ ^ - ^ ^ • 

tr O’ 

these must be equal, and therefore 

^ (i + ^ + 2 7 -t) = ^ (i + X - 2 (i). 

Now ^ (r + ^), ^ (i + \) are rational and 
therefore (i + X) _ ^ (i + yi)j ^ + X) 

v."-. 2 VX. 

And, since both sides are rational, it follows that 

(i + X) - ~(i + k)\ - ^ . 2 pjK is an apotome. 


H. E. 111. 


16 
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But, by (i), this expression is equal to ^ . 2 Jk, which is rational. 

Hence an apotome, which is irrational, is also rational : 
which is impossible. 

This proposition is the connecting link which enables Euclid to prove that 
all the compound irrationals with positive signs above discussed are different 
from all the corresponding compound irrationals with negative signs, while the 
two sets are all different from one another and from the medial straight line. 
The recapitulation following makes this clear. 


The apotome and the irrational straight lines following it 
are neither the same with the medial straight hne nor with one 
another. 

For the square on a medial straight line, if applied to a 
rational straight line, produces as breadth a straight line 
rational and incommensurable in length with that to which it 
is applied, [x. 22] 

while the square on an apotome, if applied to a rational 
straight line, produces as breadth a first apotome, [x. 97] 

the square on a first apotome of a medial straight line, if 
applied to a rational straight line, produces as breadth a 
second apotome, [x. 98] 

the square on a second apotome of a medial straight line, if 
applied to a rational straight line, produces as breadth a third 
apotome, [x. 99] 

the square on a minor straight line, if applied to a rational 
straight line, produces as breadth a fourth apotome, [x. 100] 
the square on the straight line which produces with a rational 
area a medial whole, if applied to a rational straight line, 
produces as breadth a fifth apotome, [x. loi] 

and the square on the straight line which produces with a 
medial area a medial whole, if applied to a rational straight 
line, produces as breadth a sixth apotome. [x. 102] 

Since then the said breadths differ from the first and from 
one another, from the first because it is rational, and from one 
another since they are not the same in order, 
it is clear that the irrational straight lines themselves also 
differ from one another. 

And, since the apotome has been proved not to be the 
same as the binomial straight line, [x. m] 

but, if applied to a rational straight line, the straight lines 
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following the apotome produce, as breadths, each according 
to its own order, apotomes, and those following the binomial 
straight line themselves also, according to their order, produce 
the binomials as breadths, 

therefore those following the apotome are different, and those 
following the binomial straight line are different, so that there 
are, in order, thirteen irrational straight lines in all. 

Medial, 

Binomial, 

First bimedial. 

Second bimedial. 

Major, 

“ Side” of a rational plus a medial area, 

“ Side ” of the sum of two medial areas, 

Apotome, 

First apotome of a medial straight line, 

Second apotome of a medial straight line. 

Minor, 

Producing with a rational area a medial whole. 
Producing with a medial area a medial whole. 

Proposition 112. 

The square on a rational straight line applied to the 
binomial straight line produces as breadth an apotome the 
terms of which are commensurable with the terms of the bi- 
nomial and moreover in the same ratio; and further the 
apotome so arising will have the same order as the binomial 
straight line. 

Let A he a rational straight line, 
let BC be a binomial, and let DC be its greater term ; 
let the rectangle BC, EF be equal to the square on A ; 

A — 

B P o G 


K t ^ H 

I say that EF\& an apotome the terms of which are commen- 
surable with CD, DB, and in the same ratio, and further EF 
will have the same order as BC. 


1 6 — 2 
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For again let the rectangle BD, G be equal to the square 
on A. 

Since then the rectangle BC, EF is equal to the rectangle 
BD, G, 

therefore, as CB is to BD, so is G to EF. [vi. r6] 

But CB is greater than BD ; 

therefore G is also greater than EF. [v. i6, v. 14] 

Let EH be equal to G ; 
therefore, as CB is to BD, so is HE to EF-, 
therefore, separando, as CD is to BD, so is HF to FE. [v. 17] 

Let it be contrived that, as HF is to FE, so is FK 
to KE -, 

therefore also the whole HK is to the whole KF as FK 
is to KE ; 

for, as one of the antecedents is to one of the consequents, so 
are all the antecedents to all the consequents, [v. 12] 

But, as FK is to KE, so is CD to DB ; [v. n] 

therefore also, as HK is to KF, so is CD to DB. [id.] 

But the square on CD is comrnensurable with the square 
on DB ; [x. 36] 

therefore the square on HK is also commensurable with the 
square on KF. [vi. 22, x. 11] 

And, as the square on HK is to the square on KF, so is 
HK to KE, since the three straight lines HK, KF, KE are 
proportional. [v. Def. 9] 

Therefore HK is commensurable in length with KE, 
so that HE is also Commensurable in length with EK. [x. 15] 

Now, since the square on A is equal to the rectangle 
EH, BD, 

while the square on A is rational, 

therefore the rectangle EH, BD is also rational. 

And it is applied to the rational straight line BD ; 

therefore EH is rational and commensurable in length 
with BD ; [x. 20] 

so that EK, being commensurable with it, is also rational and 
commensurable in length with BD. 
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Since, then, as CD is to DB, so is FK to KE, 

while CD, DB are straight lines commensurable in square 
only, 

therefore FK, KE are also commensurable in square only. 

[x. n] 

But KE is rational ; 
therefore FK is also rational. 

Therefore FK, KE are rational straight lines commen- 
surable in square only ; 

therefore EF is an apotome. [x. 73] 

Now the square on CD is greater than the square on DB 
either by the square on a straight line commensurable with 
CD or by the square on a straight line incommensurable 
with it. 

If then the square on CD is greater than the square on 
DB by the square on a straight line commensurable with CD, 
the square on FK is also greater than the square on KE by 
the square on a straight line commensurable with FK, [x. 14] 
And, if CD is commensurable in length with the rational 


straight line set out. 


so also is FK ; 

[x. II, 12] 

if BD is so commensurable. 


so also is KE ; 

[x. 12] 

but, if neither of the straight lines CD, DB is 

so commensur- 


able, 

neither of the straight lines FK, KE is so. 

But, if the square on CD is greater than the square on 
DB by the square on a straight line incommensurable 
with CD, 

the square on FK is also greater than the square on KE b^ 
the square on a straight line incommensurable with FK. [x. 14J 

And, if CD is commensurable with the rational straight 
line set out, 
so also is FK ; 
if BD is so commensurable, 
so also is KE ; 
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but, if neither of the straight lines CD, DB is so commensur- 
able, 

neither of the straight lines FK, *KE is so ; 
so that FE is an apotome, the terms of which FK, KE are 
commensurable with the terms CD, DB of the binomial 
straight line and in the same ratio, and it has the same order 
as BC. 

Q. K. D. 

Heiberg considers that this proposition and the succeeding ones are inter- 
polated, though the interpolation must have taken place before Theon’s time. 
His argument is that x. 112 — 115 are nowhere used, but that x. iii rounds 
off the complete discussion of the 1 3 irrationals (as indicated in the recapitu- 
lation), thereby giving what was necessary for use in connexion with the 
investigation of the five regular solids. For besides X. 73 (used in xiii. 6, 11) 
X. 94 and 97 are used in xiii. ii, 6 respectively; and Euclid could not have 
stopped at x. 97 without leaving the discussion of irrationals imperfect, for 
X. 98 — 102 are closely connected with x. 97 ,.and x. 103 — in add, as it were, 
the coping-stone to the whole doctrine. On the other hand, x. 112— 115 are 
not connected with the rest of the treatise on the 13 irrationals and are not 
used in the stereometric books. They are rather the germ of a new study and 
a more abstruse investigation of irrationals in themselves. Prop. 115 in 
particular extends the number of the different kinds of irrationals. As 
however x. 112 — 115 are old and serviceable theorems, Heiberg thinks that, 
though Euclid did not give them, they may have been taken from Apollonius. 

I will only point out what seems to me open to doubt in the above, namely 
that X. 1 12 — 1 14 (excluding 115) are not connected with the rest of the 
exposition of the 13 irrationals. It seems to me that they are%o connected. 
X. 1 1 1 has shown us that a binomial straight line cannot also be an apotome. 
But X. 112 — 114 show us how either of them *can be used to rationalise the other y 
thus giving what is surely an important relation between them. 

X. 1 1 2 is the equivalent of rationalising the denominators of the fractions 

by multiplying numerator and denominator by JA — JB and a — JB 
respectively. 

Euclid proves that tt — - \p - fk ,Xp{k <i)y and his method enables 

p + tjn , p 

us to see that X = <r 7 (p^ - kp% 

The proof is a remarkable instance of the dexterity of the Greeks in using 
geometry as the equivalent of our algebra. Like so many proofs in Archimedes 
and Apollonius, it leaves us completely in the dark as to how it was evolved. 
That the Greeks must have had some analytical method which suggested the 
steps of such proofs seems certain ; but what it was must remain apparently 
an insoluble mystery. 

I will reproduce by means of algebraical symbols the exact course of 
Euclid’s proof. 

He has to prove that — 

p+ jk.p 


is an apotome related in a certain way to 
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the binomial straight line p + Jk . p. If u be the straight line required, 
(u -^-w) is shown to be an apotonie of the kind described, where w is 
determined in the following manner. 


We have 

(p+ Jk.p)u = <r^ = Jk.p.x, say, ' 

\ 

whence 

x> u. 

r (0. 

Let 


1 

Then 

{p+ Jk.p) : Jk.p={u + v) : u, 


and hence 

p . Jk . p = V\U 

(2)- 

• Let w be taken such that 



V \ u~{u-^w) : w 

( 3 ). 

Thus 

V : u ^ {u V w) \{u-¥w) .. 

(4), 

and therefore 

p : Jk.p=^{ii + v -^w) \ {u-¥ w). 


From the last proportion, 



(w + 7; 4 - ZVY + wfy 


and, from the two preceding, {u + la) is a mean proportional between 

+ v + 7£/), a;, so 

that 



(w + 7/ + wf : {u 4 - wY ^{u-¥v w) \ w. 

Therefore 

{u -k- V w) ZVy 


whence 

{u 4- Z>) 7£f. 


Now 

. p (w 4- a) = 0^, which is rational ; 

therefore 

(u + v) is rational and , p] 


hence 

zv is also rational and Jk .p 

(s). 

Next, by (2), (3), since p, Jk. p are 



{u 4* zv) ZVy 


and w is rational ; 



therefore 

(u^tzv) is rational. 


and 

{u + «/), zv are rational and . 


Hence 

(u -v zv) — w is an apotome. 


Now either 

(I) ^p^-kp‘r.p, 


or 

(II) Jp^-kp‘^p. 


In case (I) 

J(u-{’wY-ze^'^{u-¥ zv)y 

[(2), (3) and X. 14] 

and in case (II) 

n/(« 4 - zvY -ztY ^ (u + w). 

[id] 

Then, since [(5)] w ^ Jk.p, 


by X. II and (2), (3), (u 4 -w) p 

(6). 


[This step is omitted in Euclid, but the result is assumed.] 


If therefore p tr, ^ <r ; 

if * p fv <r ; [(5)] 

and, if neither p nor Jk , p is ^ cr, neither {u + w) nor w will be o-. 

Thus the order of the apotome {u-¥w)-w is the same as that of the 
binomial straight line p + . P ; while [(2), (3)] the terms are proportional 

and [(s), (6)] commensurable respectively. 
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We find (« + w), w algebraically thus. 


By(i), 

and, by (2), (3), 
whence 

Thus 

Therefore 


u = 


P + Jk.p’ 

u + w _ p 
■ ~ 


w 


It) = 

u + w = w . 

{u + w) — w-<T^. 


u. Jk. p 
p-Jk.p 

. Jk . p 
p’- V ■ 

Jl - 

Jk V 

p- Jk .p 

p*-v ■ 


Proposition i i 3, 

The square on a rational straight line, if applied to an 
apotome, produces as< breadth the binomial straight line the 
terms of which are commensurable with the terms of the 
apotome and in the same ratio ; and further the binomial 
so arising has the same order as the apotome. 

Let A be a. rational straight line and BD an apotome, 
and let the rectangle BD, KH be equal to 
the square on A, so that the square on the 
rational straight line A when applied to the 
apotome BD produces KH as breadth ; 

I say that KH is a binomial straight line the 
terms of which are commensurable with the 
terms of BD and in the same ratio ; and 
further KH has the same order as BD. 

For let DC be the annex to BD ; 

therefore BC, CD are rational straight lines commensurable 
in square only. [x. 73] 

Let the rectangle . 5 C, G be also equal to the square on A. 
But the square on A is rational ; 

therefore the rectangle BC, G is also rational. 

And it has been applied to the rational straight line BC ; 

therefore G is rational and commensurable in length with BC. 

[x. 20] 




E' 

D 


F 

B 

1 

H 
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Since now the rectangle BC, G is equal to the rectangle 
BD, KH, 

therefore, proportionally, as CB is to BD, so is KH to G. 

[vi. 16] 

But BC is greater than BD ; 

therefore KH is also greater than G. [v. 16, v. 14] 

Let KE be made equal to G ; 
therefore KE is commensurable in length with BC. 

And since, as CB is to BD, so is HK to KE, 
therefore, convertendo, as BC is to CD, so is KH to HE. 

[v. 19, Por.] 

Let it be contrived that, as KH is to HE, so is HF 
to FE ; 

therefore also the remainder KF is to FH as KH is to HE, 
that is, as BC is to CD. [v. 19] 

But BC, CD are commensurable in square only ; 

therefore KF, FH are also commensurable in square only. 

[x. Il] 

And since, as KH is to HE, so is KF to FH, 
while, as KH is to HE, so is HF to FE, 
therefore also, as KF is to FH, so is HF to FE, [v. ii] 

so that also, as the first is to the third, so is the square on the 
first to the square on the second ; [v. Def. 9] 

therefore also, as KF is to FE, so is the square on KF to the 
square on FH. 

But the square on KF is commensurable with the square 
on FH, 

for KF, FH are commensurable in square ; 
therefore KF is also commensurable in length with FE, [x. ii] 
so that KF is also commensurable in length with KE. [x. 15] 
But KE is rational and commensurable in length with BC ; 

therefore KF is also rational and commensurable in length 
with BC. [x. 12] 

And, since, as BC is to CD, so is KF to FH, 
alternately, as BC is to KF, so is DC to FH. [v. 16] 

But BC is commensurable with KF', 
therefore FH is also commensurable in length with CD. [x. n] 
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But BC, CD are rational straight lines commensurable in 
square only ; 

therefore KF, FH are also rational straight lines [x. Def. 3] 
commensurable in square only ; 

therefore KH is binomial. [x- 36] 

If now the square on BC is greater than the square on CD 
by the square on a straight line commensurable with BC, 
the square on KF will also be greater than the square on FH 
by the square on a straight line commensurable with KF. [x. 14] 
And, if BC is commensurable in length with the rational 
straight line set out, 
so also is KF ; 

if CD is commensurable in length with tlie rational straight 
line set out, 
so also is FH, 

but, if neither of the straight lines BC, CD, 
then neither of the straight lines KF, FH. 

But, if the square on BC is greater than the square on CD 
by the square on a straight line incommensurable with BC, 
the square on KF is also greater than the square on FH by 
the square on a straight line incommensurable with KF. [x. 14] 
And, if BC is commensurable with the rational straight 
line set out, 
so also is KF-, 
if CD is so commensurable, 
so also is FH ; 

but, if neither of the straight lines BC, CD, 
then neither of the straight lines KF, FH. 

Therefore KH is a binomial straight line, the terms of 
which KF, FH are commensurable with the terms BC, CD of 
the apotome and in the same ratio, 
and further KH has the same order as BD. 

Q. E. D. 

This proposition, which is companion to the preceding, gives us the equiva- 
lent of the rationalisation of the denominator of 
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Euclid (or the writer) proves that 


2 

and his method enables us to see that k = a^Kp^ — kp^). 


Let 

r- — = u ; 



p- jk.p 


and it is proved that u 

is the binomial straight line (u - w) + w, where w is 

determined as shown below. 



u {p ~ . p) = = px, say, 


whence 

p ■. {p- Jk . p) = u -.x 

(0, 

so that 

X < u. 


Let then 

x~u — v. 


Since 

{u -v)p=^ a rational area, 



(ti - v) is rational and ^ p 

(2). 

And [(i)] 

p:{p-Jk.p) = u:(u-v), 


SO that, convertendo^ 

p : Jk ^p:= u 


Suppose that 

1 

II 


so that [v. 19] 

1 

II 

II 

1 


Thus, w being a mean proportional between {u ~ w\ (v 

-w\ 


{u - wf \w^ -{u — uf) : (v - w). 


But 

{u — wf : = \ 



II 

(3). 

so that 

(u — wf ^ 


Therefore 

1 

C 

1 



1 

1 

1 



{u- v). 


Therefore [(2)] 

(u - «/) is rational and ^ p 

( 4 ). 

And, since 

■0 

II 

1 



w is rational and . p 

(5). 

Hence [(4), (5)] {u 

- 7 v)y w are rational and , 


so that {u — 

w)-\-w is a binomial straight line. 


Now either (1) 

Jp^-kp^ p, 


or (II) 

Vp* “ V/ p. 


In case (I) 

s/{u - wf ^ (u-- w)y 


and in case (II) 

1 

1 

I 

> 

[(3) and X. 14] 

And, if p or, 

{u — w) ^ (T ; 

[(4)] 

if Jk , p a-y 

W ^ <T \ 

[5] 

while, if neither p nor ,Jk . p is ^ cr, neither (u — w) nor w is 

O’. 


Hence {u-w) + 7 v is a binomial straight line of the same order as the 
apotome p — Jk.p, its terms are proportional to those of the apotome [(3)], 
and commensurable, with them respectively [(4), (5)]. 
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To find {u - w\ w algebraically we have 

cr^ 

P- Jk.p 

U -7V _ p 

w ~ Jk,p' 

U , Jk .p 


From the latter 

Thus 

Therefore 


w = 


u — w= tv . 


{u — w) + W — 


p + Jk.p 
. Jk . p 

p -i-V ■ 

I _ (T^p 

J k ~ p* ■ 

p + ■ p 

p‘-kp^ 


p‘ - V ‘ 


Proposition 114. 

If an area be contained by an apotome and the binomial 
straight line the terms of which are commensurable with the 
terms of the apotome and in the same ratio, the "side ” of the 
area is rational. 

For let an area, the rectangle AB, CD, be contained by 
the apotome AB and the binomial 
straight line CD, ^ ^ 

and let CE be the greater term of ' 

the latter; ^ % P 

let the terms CE, ED of the o 

binomial straight line be commen- 
surable with the terms AF, FB of 
the apotome and in the same ratio ; 1 

and let the “side” of the rectangle 
AB, CD be G ; 

I say that G is rational. 

For let a rational straight line H be set out, 
and to CD let there be applied a rectangle equal to the square 
on H and producing KL as breadth. 

Therefore KL is an apotome. 

Let its terms be KM, ML commensurable with the terms 
CE, ED of the binomial straight line and in the same ratio. 

[X. 1 12] 


M 
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But C£, ED are also commensurable with AF, FB and in 
the same ratio ; 

therefore, 2& A F\% to FB, so is KM to ML. 

Therefore, alternately, as AF is to KM, so is BF to LM ; 
therefore also the remainder AB is to the remainder KL as 
AF \% to KM. [v. 19 ] 

But AF is commensurable with KM •, [x. 12] 

therefore AB is also commensurable with KL. [x. n] 

And, as is to KL, so is the rectangle CD, AB to the 
rectangle CD, KL ; [vi. i] 

therefore the rectangle CD, AB is also commensurable with 
the rectangle CD, KL. [x. n] 

But the rectangle CD, KL is equal to the square on H •, 

therefore the rectangle CD, AB is commensurable with the 
square on H. 

But the square on G is equal to the rectangle CD, AB ; 

therefore the square on G is commensurable with the square 
oxiH. 

But the square on H is rational ; 
therefore the square on G is also rational ; 
therefore G is rational. 

And it is the “side” of the rectangle CD, AB. 

Therefore etc. 

PoRisM. And it is made manifest to us by this also that 
it is possible for a rational area to be contained by irrational 
straight lines. 

Q. E. D. 

This theorem is equivalent to the proof of the fact that 

QCJa + \ JB) = >Jk(a-B), 

and J{a-~ ^B){Xa + k.jB) = Jk{a^~B). 

Th^ result of the theorem x. 112 is used for the purpose thus. 

We have to prove that 

is rational. 

By X. II 2 we have, if a is a rational straight line, 




Xp + \ jjk • p 


(I). 
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• Now p-.\'p = Jk.p-.\' Jk.p = {p- Jk.p) : (X'p Jk. p), 
so that {p — Jk . p) {X'p -X' Jk . p). 

Multiplying each by {Xp + X Jk . p), we have 

(p- Jk.p){Xp + X Jk.p) '' (Xp + XJi.p) (X’p -X' Jk. p) 

by(i). 

That is, (p- Jk. p) (Xp + XJk.p) is a rational area, 
and therefore 'J(p~ s/^ • p) (^P + Xjk.p) is rational. 

Proposition 115. 

JFrotn a medial straight line there arise irrational straight 
lines infinite in number, and none of them is the same as any 
of the preceding. 

Let A a. medial straight line ; 

I say that from A there arise 

irrational straight lines infinite in 

number, and none of them is the 
same as any of the preceding. 

Let a rational straight line B ° 

be set out, d 

and let the square on C be equal 
to the rectangle B, A ; 

therefore C is irrational ; [x. Def. 4] 

for that which is contained by an irrational and a rational 
straight line is irrational. [deduction from x. 20] 

And it is not the same with any of the preceding ; 
for the square on none of the preceding, if applied to a rational 
straight line produces as breadth a medial straight line. 

Again, let the square on D be equal to the rectangle B, C ; 
therefore the square on D is irrational. [deduction from x. 20] 

Therefore D is irrational ; [x, Def. 4] 

and it is not the same with any of the preceding, for the 
square on none of the preceding, if applied to a rational 
straight line, produces C as breadth. 

Similarly, if this arrangement proceeds ad infinitum, it 
is manifest that from the medial straight line there arise 
irrational straight lines infinite in number, and none is the 
same with any of the preceding. 


Q. E. D. 
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Heiberg is clearly right in holding that this proposition, at all events, is 
alien to the general scope of Book x, and is therefore probably an interpola- 
tion, made however before Theon^s time. It is of the same character as a 
scholium at the end of the Book, which is (along with the interpolated proposi- 
tion proving, in two ways, the incommensurability of the diagonal of a square 
with its side) relegated by August as well as Heiberg to an Appendix. 

The proposition amounts to this. 

The straight line being medial, if cr be a rational straight line, n/ y^^po- 
is a new irrational straight line. So is the mean proportional between this 
and another rational straight line cr', and so on indefinitely. 

Ancient Extensions of the Theory of Book X. 

From the hints given by the author of the commentary found in Arabic 
by Woepcke (cf. pp. 3 — 4 above) it would seem probable that Apollonius* 
extensions of the theory of irrationals took two directions : (i) generalising 
the medial straight line of Euclid, and (2) forming compound irrationals by the 
addition and subtraction of more than two terms of the sort composing the 
binomials, apotomes, etc. The commentator writes (Woepcke*s article, pp. 694 
sqq.) : 

“ It is also necessary that we should know that, not only when we join 
together two straight lines rational and commensurable in square do we obtain 
the binomial straight line, but three or four lines produce in an analogous 
manner the same thing. In the first case, we obtain the trinomial straight 
line, since the whole line is irrational ; and in the second case we obtain the 
quadrinomial, and so bn ad infinitum. The proof of the (irrationality of the) 
line composed of three lines rational and commensurable in square is exactly 
the same as the proof relating to the combination of two lines. 

** But we must start afresh and remark that not only can we take one sole 
medial line between two lines commensurable in square, but we can take three 
or four of them and so on ad infinitum^ since we can take, between any two 
given straight lines, as many lines as we wish in continued proportion. 

“ Likewise, in the lines formed by addition not only can we construct the 
binomial straight line, but we can also construct the trinomial, as well as the 
first and second trimedial; and, further, the line composed of three straight 
lines incommensurable in square and such that the one of them gives with 
each of the two others a sum of squares (which is) rational, while the rectangle 
contained by the two lines is medial, so that there results a major (irrational) 
composed of three lines. 

“ And, in an analogous manner, we obtain the straight line which is the 
‘ side * of a rational plus a medial area, composed of three straight lines, and, 
likewise, that which is the ‘ side ’ of (the sum of) two medials.** 

The generalisation of the medial is apparently after the following manner. 
Let Xy y he two straight lines rational and commensurable in square only and 
suppose that m means are interposed, so that 



We easily derive herefrom 
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X^ + 1 = j 

SO that {xr . jv** “ ^ . x”^Y, 

and therefore x ^^ + ^ = jc*” “ ^ ^ 

1 

or ^^ = (jc”‘-*’+^y)«‘+S 

which is the generalised medial. 

We now pass to the trinomial etc., with the commentator’s further remarks 
about them. 

(i) The trinomial “ Suppose three rational straight lines commensurable in 
square only. The line composed of two of these lines, that is, the binomial 
straight line, is irrational, and, in consequence, the area contained by this line 
and the remaining line is irrational, and, likewise, the double of the area 
contained by these two lines will be irrational. Thus the square on the 
whole line composed of three lines is irrational and consequently the line is 
irrational, and it is called a trinomial straight line.” 

It is easy to see that this “proof” is not conclusive as stated. Nor does 
Woepcke seem to show how the proposition can be proved on Euclidean 
lines. But I think it would be somewhat as follows. 

Suppose x^ z to be rational and . 

Then .r*, y, are rational, and zyz^ zzx^ zxy are all medial. 

First, {zyz-^ zzx^k- zxy) cannot be rational. 

For suppose this sum equal to a rational area, say cr^. 

Since zyz 4 - zzx + zxy = <t^, 

2ZX + zxy = cr* - zyz^ 

or the sum of two medial areas incommensurable with one another is equal to 
the difference between a rational area and a medial area. 

But the “side” of the sum of the two medial areas must [x. 72] be one of 
two irrationals with a positive sign ; and the “ side ” of the difference between a 
rational area and a medial area must [x. 108] be one of two irrationals with a 
negative sign. 

And the first “ side ” cannot be the same as the second [x. in and ex- 
planation following]. 

Therefore zzx + zxy + or* - zyz^ 

and zyz + zzx + zxy is consequently irrational 

Therefore {0^ +y + z^) sj (zyz 4- zzx + zxy)^ 

whence (x ^y + z^y^ (x^ +y^ 4 - z^), 

so that (x +y + 2)®, and therefore also (x +y 4 - z\ is irrational. 

The commentator goes on : 

“ And, if we have four lines commensurable in square, as we Have said, the 
procedure will be exactly the same ; and we shall treat the succeeding lines in 
an analogous manner.” 

Without speculating further as to how the extension was made to the 
quadrinomial etc., we may suppose with Woepcke that Apollonius probably 
investigated the multinomial 

P+7K.p+7X.p+^^.p + ... 
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(2) The first trimedial straight line. 

The commentator here says : “ Suppose we have three medial lines com- 
mensurable in square [only], one of which contains with each of the two others 
a rational rectangle; then the straight line composed of the two lines is 
irrational and is called the first bimedial ; the remaining line is medial, and 
the area contained by these two lines is irrational. Consequently the square 
on the whole line is irrational.*' 

To begin with, the conditions here given are incompatible. If z be 
medial straight lines such that xy^ xz are both rational, 

y \ z-xy \xz-m\n^ 

and y^ z are commensurable in length and not in square only. 

Hence it seems that we must, with Woepcke, understand “three medial 
straight lines such that one is commensurable with each of the other two in 
square only and makes with it a rational rectangle." 

X, y^ z hQ the three medial straight lines, 

SO that {x^ 4 - z^) is medial. 

Also we have zxy^ 2xz both rational and zyz medial. 

Now {x^ +y^ + z^) + 2yz + 2xy + 2xz cannot be rational, for, if it were, the 
sum of two medial areas, (pc^ 4 - z% 2yz^ would be rational : which is im- 
possible. [Cf. X. 72.] 

Hence (x^-y + z) is irrational. 

(3) The second trimedial straight line. 

Suppose jc, y^ z to be medial straight lines commensurable in square only 
and containing with each other medial rectangles. 

Then 4- z^) ^ jr®, and is medial. 

Also zyz^ 2ZX, 2xy are all medial areas. 

To prove the irrationality in this case I presume that the metnod would 
be like that of x. 38 about the second bimedial. 

Suppose cr to be a rational straight line and let 

(pc^ 4- 0*) 5= o-/ 

2yz = <rw 

2ZX - 0-7' 

2xy = mv 

Here, since, e.g., xz \ xy - v \ w^ 

or z\y^v\Wy 

and similarly x :z^w lUy 

//, V, tv are commensurable in square only. 

Also, since 4- y® 4 - z^) ^ x'^ 

^ xy, 

t is incommensurable with w. 


H. E. in. 


17 
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Similarly t is incommensurable with v. 

But /, w are all rational and <r. 

Therefore (/ + « + w) is a quadrinomial and therefore irrational. 

Therefore (T{t+u^v-Yw\ or J + z)\ is irrational, 
whence {x -\-y + z) is irrational. 

(4) The major made up of three straight lines. 

The commentator describes this as the line composed of three straight 
lines incommensurable in square and such that one of them gives with each 
of the other two a sum of squares (which is) rational, while the rectangle 
contained by the two lines is medial.*^ 

If Xy z are the three straight lines, this would indicate 

{x^^y^) rational, 

{x^ 4- z^) rational, 

2yz medial. 

Woepcke points out (pp. 696—8, note) the difficulties connected with this 
supposition or the supposition of 

(jc* +_y*) rational, 

{x^ + z^) rational, 

2xy (or 2xz) medial, 

and concludes that what is meant is the supposition 

(pc^ 4 -^) rational 
xy medial * 
xz medial > 

(though the text is against this). 

The assumption of (a:^ -^-y^) and {x^ 4 - 2®) being concurrently rational is 
certainly further removed from Euclid, for x. 33 only enables us to find one 
pair of lines having the property, as x^ y. 

But we will not pursue, these speculations further. 

As regards further irrationals formed by subtraction the commentator 
writes as follows. 

“ Again, it is not necessary that, in the irrational straight lines formed by 
means of subtraction, we should confine ourselves to making one subtraction 
only, so as to obtain the apotome, or the first apotome of the medial, or the 
second apotome ot the medial, or the minor, or the straight line which 
produces with a rational area a medial whole, or that which produces with a 
medial area a medial whole ; but we shall be able here to make two or three 
or four subtractions. 

“ When we do that, we show in manner analogous to the foregoing that 
the lines which remain are irrational and that each of them is one of the lines 
formed by subtraction. That is to say that, if from a rational line we cut off 
another rational line commensurable with the whole line in square, we obtain, 
for remainder, an apotome ; and, if we subtract from this line (which is) 
cut off and rational — that which Euclid calls the annex (irpoaop/xofovora) — 
another rational line which is commensurable with it in square, we obtain, as 
the remainder, an apotome ; likewise, if we cut off from the rational line cut 
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off from this line (i.e. the annex of the apotome last arrived at) another line 
which is commensurable with it in square, the remainder is an apotome. The 
same thing occurs in the subtraction of the other lines.” 

As Woepcke remarks, the idea is the formation of the successive apotomes 
Jb - Jc, Jc - Jd, etc. We should naturally have expected to see 
the writer form and discuss the following expressions 

(>/^ ~ sj^) “* 

{{sja - Jb) - Jc} - Jd, etc. 


17 — 2 
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DEFINITIONS. 

1. A solid is that which has length, breadth, and depth. 

2. An extremity of a solid is a surface. 

3. A straight line is at right angles to a plane, 
when it makes right angles with all the straight lines which 
meet it and are in the plane. 

4. A plane is at right angles to a plane when the 
straight lines drawn, in one of the planes, at right angles to 
the common section of the planes are at right angles to the 
remaining plane. 

5. The inclination of a straight line to a plane 
is, assuming a perpendicular drawn from the extremity of 
the straight line which is elevated above the plane to the 
plane, and a straight line joined from the point thus arising 
to the extremity of the straight line which is in the plane, 
the angle contained by the straight line so drawn and the 
straight line standing up, 

6. The inclination of a plane to a plane is the acute 
angle contained by the straight lines drawn at right angles 
to the common section at the same point, one in each of the 
planes. 

7. A plane is said to be similarly inclined to a plane 
as another is to another when the said angles of the inclina- 
tions are equal to one another. 

8. Parallel planes are those which do not meet. 
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9. Similar solid figures are those contained by similar 
planes equal in multitude. 

10. Equal and similar solid figures are those con- 
tained by similar planes equal in multitude and in magnitude. 

11. A solid angle is the inclination constituted by more 
than two lines which meet one another and are not in the 
same surface, towards all the lines. 

Otherwise : A solid angle is that which is contained by 
more than two plane angles which are not in the same plane 
and are constructed to one point. 

12. A pyramid is a solid figure, contained by planes, 
which is constructed from one plane to one point. 

13. A prism is a solid figure contained by planes two 
of which, namely those which are opposite, are equal, similar 
and parallel, while the rest are parallelograms. 

14. When, the diameter of a semicircle remaining fixed, 
the semicircle is carried round and restored again to the same 
position from which it began to be moved, the figure so 
comprehended is a sphere. 

1 5. The axis of the sphere is the straight line which 
remains fixed and about which the semicircle is turned. 


16. The centre of the sphere is the same as that 
of the semicircle. 


17. A diameter of the sphere is any straight line 
drawn through the centre and terminated in both directions 
by the surface of the sphere. 

18. When, one side of those about the right angle in a 
right-angled triangle remaining fixed, the triangle is carried 
round and restored again to the same position from which it 
began to be moved, the figure so comprehended is a cone. 

And, if the straight line which remains fixed be equal to 
the remaining side about the right angle which is carried 
round, the cone will be right-angled ; if less, obtuse-angled ; 
and if greater, acute-angled. 

19. The axis of the cone is the straight line which 
remains fixed and about which the triangle is turned. 
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20. And the base is the circle described by the straight 
line which is carried round. 

2 1. When, one side of those about the right angle in a 
rectangular parallelogram remaining fixed, the parallelogram 
is carried round and restored again to the same position from 
which it began to be moved, the figure so comprehended is a 

cylinder. 

22. The axis of the cylinder is the straight line which 
remains fixed and about which the parallelogram is turned. 

23. And the bases are the circles described by the two 
sides opposite to one another which are carried round. 

24. Similar cones and cylinders are those in which 
the axes and the diameters of the bases are proportional. 

25. A cube is a solid figure contained by six equal 
squares. 

26. An octahedron is a solid figure contained by eight 
equal and equilateral triangles. 

27. An icosahedron is a solid figure contained by 
twenty equal and equilateral triangles. 

28. A dodecahedron is a solid figure contained by 
twelve equal, equilateral, and equiangular pentagons. 

Definition i. 

2t€^€oV €(7Tt TO fxrjKo<s Kol TrXaTOS KOI fidOo^ 

This definition was evidently traditional, as may be inferred from a number 
of passages in Plato and Aristotle. Thus Plato speaks {Sophist^ 235 d) of 
making an imitation of a model {irapd^uyfia) in length and breadth and 
depth” and {Laws, 817 e) of ‘‘the art of measuring length, surface and depth” 
as one of three paB'qpara. Depth, the third dimension, is used alone as a 
description of “ body ” by Aristotle, the term being regarded as connoting the 
other two dimensions ; thus {Metaph. 1020a 13, ii) “length is a fine, breadtha 
surface, and depth body” ; “ that which is continuous in one direction is length, 
in two directions breadth, and in three depth.” Similarly Plato {Rep, 528 b, d), 
when reconsidering his classification of astronomy as next to (plane) geometry : 
“although the science dealing with the additional dimension of depth is next in 
order, yet, owing to the fact that it is studied absurdly, I passed it over and 
put next to geometry astronomy, the motion of (bodies having) depth.” In 
Aristotle {Topics vi. 5, 142 b 24) we find “the definition of body, that which 
has three dimensions (SiaaTacrcts) ” ; elsewhere he speaks of it as “ that which 
has all the dimensions ” {De caelo i. i, 268 h 6), “ that which has dimension 
every way ” (to Trdvrrj BidarTacriv c;<ov, Metaph, 1066 b 32) etc. In the Physics 
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(iv. I, 208 b i3sqq.) he speaks of the ‘^dimensions” as six^ dividing each of 
the three into two opposites, “ up and down, before and behind, right and left,” 
though of course, as he explains, these terms are relative. 

Heron, as might be expected, combines the two forms of the definition. 
“ A solid body is that which has length, breadth, and depth : or that which 
possesses the three dimensions.” (Def. n.) 

Similarly Theon of Smyrna (p. in, 19, ed. Hiller): “ that which is extended 
(StacrraTov) and divisible in three directions is solid, having length, breadth 
and depth.” 

Definition 2. 


Srcpcou 8c TTCpas CTTK^dvcia. 

In like manner Aristotle says i^Metaph, 1066 b 23) that the notion (Xxiyos) 
of body is “that which is bounded by surfaces” {iimrlSoLq in this case) and 
(^Metaph. io6o b 15) “surfaces (€7rt<^dv€tat) are divisions of bodies.” 

So Heron (Def. n.): “ Every solid is bounded (TrcpaTovr^t) by surfaces, and 
is produced when a surface is moved from a forward position in a backward 
direction.” 

Definition 3. 

Eij^cia TTpd? cTTiVcSov opB-q ccrrtv, orav irpo? Trdcra? rds djrrofxiva^ avrr)*: cv^cta? 
Kal ovtras €V r<p cTfiircStii opOds irot^ yoivta?. 

This definition and the next are given almost word for word by Heron 


... 

That a straight line can be so related to a plane as described in Def. 3 is 
established in xi. 4. The fact has been made the basis of a definition of a 
plane which is attributed by Crelle to Fourier, and is as follows. “A plane is 
formed by the totality of all the straight lines which, passing through one and 
the same point of a straight line in space, stand perpendicular to it.” Stated 
in this form, the definition is open to the objection that the conception of a 
right angle, involving the measurement of angles, presupposes a plane, inasmuch 
as the measurement of angles depends ultimately upon the superposition of two 
planes and their coincidence throughout when two lines in one coincide with 
two lines in the other respectively. Cf. my note on i. Def. 7, Vol. i. pp. 173 — 5. 


Definition 4. 

’EttiVcSov TTpos cVnrcSov op^ov iariv, orav ai rp Koiyf) rop^ twi/ cVtTrcSwv irpos 
opOds ayopcvat cv^ciai Iv Ivl rwv tw Xolttw cttittcSo) Trpos 6p0d<i w(tlv. 

Both this definition and Def. 6 use the common section of two planes, 
though it is not till xi. 3 that this common section is proved to be a straight 
line. The definition however, just like Def. 3, is legitimate, because the object 
is to explain the meaning of terms, not to prove anything 

The definition of perpendicular planes is made by Legendre a particular 
case of Def. 6, the limiting case, namely, where the angle representing the 
“inclination of a plane to a plane” is a right angle. 


Definition 5. 

Ev^€tas 7 rpo« cttiVcSoi/ KXtcrts co-rtV, orav dwd rov pcTccopov Treparog rrj^ 
cv^cias cTTt TO iTTLTTtSov Kd6€TOi: axO^y KoX diTO Tov ycvopcVou <r> 7 pctov iwl TO iv Tip 
iwiTriSio TTcpa? cu^ctas cWcia ctti^cvx^, V ^rcptcxopcvT; ywvta vtto dxStCcnj^ 
Ktti T17S i<^t(TTid&r}%. 
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In other words, the inclination of a straight line to a plane is the angle 
between the straight line and its projection on the plane. This angle is of 
course less than the angle betweeijj the straight line and any other straight line 
in the plane through the intersection of the straight line and plane ; and the 
fact is sometimes made the subject of a proposition in modern text-books. It 
is easily proved by means of the propositions xi. 4, i. 19 and 18. 

Definition 6. 

*B7rt7rc8ov irpoH irrtTriSoy kX-ictis iarriv y 'rr€pi€^ofX€yrj o^cta ywvia vtto rtov 'trpos 
opOa^ rf} Koivfj Topjj dyopivtav Trpo? rw avr^ iv €KaT€p<a rcoi' iiriiriBoiv. 

When two planes meet in a straight line, they form what is called in 
modern text-books a dihedral angle^ which is defined as the opening or angular 
opening between the two planes. This dihedral angle is an “ angle altogether 
different in kind from a plane angle, as again it is different from a solid angle 
as defined by Euclid (i.e. a trihedral, tetrahedral, etc. angle). Adopting for 
the moment Apollonius’ conception of an angle as the “bringing together of a 
surface or solid towards one point under a broken line or surface ” (Proclus, 
p. 123, 16), we njay regard a dihedral angle as the bringing together of the 
broken surface formed by two intersecting planes not to a point but to a straight 
line^ namely the intersection of the planes. Legendre, in a proposition on the 
subject, applied provisionally the term corner to describe the dihedral angle 
between two planes ; and this would be a better word, I think, than opening 
to use in the definition. 

The distinct species of ‘‘angle” which we call dihedral is, however, 
measured by a certain plane angle, namely that which Euclid describes in the 
present definition and calls the inclination of a plane to a plane^ and which in 
some modern text-books is called the plane angle of the dihedral angle. 

It is necessary to show that this plane angle is a proper measure of the 
dihedral angle, and accordingly Legendre has a proposition to this effect. In 
order to prove it, it is necessary to show that, given two planes meeting in a 
straight line, 

(1) the plane angle in question is the same at all points of the straight line 
forming the common section ; 

(2) if the dihedral angle between two planes increases or diminishes in a 
certain ratio, the plane angle in question will increase or diminish in the same 
ratio. 

(i) If MAN, MAP be two planes intersecting in MA, and if AN, AP 
be drawn in the planes respectively and at right angles to 
MA, the angle NAP is the inclination of the plane to the 
plane or the plane angle of the dihedral angle. 

Let MC, MB be also drawn in the respective planes 
at right angles to MA. 

Then since, in the plane MAN, MC and AN are 
drawn at right angles to the same straight line MA, 

MC, AN are parallel. 

For the same reason, MB, AP are parallel. 

Therefore [xi. 10] the angle BMC is equal to the 
angle PAN. 

And M may be any point on MA. Therefore the 
plane angle described in the definition is the same at all 
points of AM. 
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(2) In the plane NAF draw the arc NDF of any circle with centre 
and draw the radius AD, 

Now the planes NAFy CM By being both at right angles to the straight 
line MAy are parallel ; [xi. 14] 

therefore the intersections ADy MR of these planes with the plane MAD are 

parallel, [xi. 16] 

and consequently the angles BMEy FAD are equal. [xi. 10] 

If now the plane angle NAD were equal to the plane angle DAFy the 

dihedral angle NAMD would be equal to the dihedral angle DAMF; 
for, if the angle FAD were applied to the angle DANy AM remaining the 
same, the corresponding dihedral angles would coincide. 

Successive applications of this result show that, if the angles NAD, DAP 
each contain a certain angle a certain number of times, the dihedral angles 
NAMDy DAMP will contain the corresponding dihedral angle the same 
number of times respectively. 

Hence, where the angles NADy DAP are commensurable y the dihedral 
angles corresponding to them are in the same ratio. 

Legendre then extends the proof to the case where the plane angles are 
incommensurable by reference to an exactly similar extension in his proposition 
corresponding to Euclid vi. i, for which see the note on that proposition. 

Modern text-books make the extension by an appeal to limits. 

Definition 7. 

’EttiVcSov TTpos cTTtVcSoi' o/LtotoiS K€KXiir$ai Xcy€Tat Kal €T€poy Trpo<; cTcpOF, oral' 
at ctpi^/jtcVat Ttov kXiVcwk ywi'tat tcrat dXXiyXats uicrtv. 

Definition 8. 

IlapdXXTyXa €7rtVc8d cVrt ra acrvfnrTiara, 

Heron has the same definition of parallel planes (Def. 115). The Greek 
W'ord which is translated “ which do not meet is dav/xTrrwTa, the term which 
has been adopted for the asymptotes of a curve. 

Definition 9. 

*^0/xoia (TTCpcd (r\7]fjiaTd e<rTt rd xnro o/aottov cTTiTTcSoii^ Tr€pi€\6fX€pa IfTtnv to 
TrXrjOos, 

Definition 10. 

^Itra Sc Kai o/xoia crrcpcd (Txrfixard tern rd inrd dfJLOuav ttriniSoiv irtpitypputva 
rip vXrfiti Koi t<o fitytOtt. 

These definitions, the second of which practically only substitutes the 
words “ equal and similar for the word “ similar in the first, have been the 
mark of much criticism. 

Simson holds that the equality of solid figures is a thing which ought to be 
provedy by the method of superposition, or otherwise, and hence that Def. 10 
is not a definition but a theorem which ought not to have been placed among 
the definitions. Secondly, he gives an example to show that the definition or 
theorem is not universally true. He takes a pyramid and then erects on the 
base, on opposite sides of it, two equal pyramids smaller than the first. The 
addition and subtraction of these pyramids respectively from the first give two 
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solid figures which satisfy the definition but are clearly not equal (the smaller 
having a re-entrant angle); whence it also appears that two unequal solid 
angles may be contained by the same number of equal plane angles. 

Maintaining then that Def. lo is an interpolation by ^‘an unskilful hand,” 
Simson transfers to a place before Def. 9 the definition of a solid angle, and 
then defines similar solid figures as follows : 

Similar solid figures are such as have all their solid angles equals each to each^ 
and which are contained by the same number of similar planes, 

Legendre has an invaluable discussion of the whole subject of these 
definitions (Note xii., pp. 323 — 336, of the 14th edition of his Aliments de 
Ghmetrie). He remarks in the first place that, as Simson said, Def. 10 is not 
properly a definition, but a theorem which it is necessary to prove ; for it is 
not evident that two solids are equal for the sole reason that they have an 
equal number of equal faces, and, if true, the fact should be proved by super- 
position or otherwise. The fault of Def, 10 is also common to Def. 9. For, 
if Def. IO is not proved, one might suppose that there exist two unequal and 
dissimilar solids with equal faces ; but, in that case, according to Definition 9, 
a solid having faces similar to those of the two first would be similar to both 
of them, i.e. to two solids of different form : a conclusion implying a con- 
tradiction or at least not according with the natural meaning of the word 
“similar.” 

What then is to be said in defence of the two definitions as given by 
Euclid? It is to be observed that the figures which Euclid actually proves 
equal or similar by reference to Deff. 9, 10 are such that their solid angles do 
not consist of more than three plane angles ; and he proves sufficiently clearly 
that, if three plane angles forming one solid angle be respectively equal to 
three plane angles forming another solid angle, the two solid angles are equal. 
If now two polyhedra have their faces equal respectively, the corresponding 
solid angles will be made up of the same number of plane angles, and the 
plane angles forming each solid angle in one polyhedron will be respectively 
equal to the plane angles forming the corresponding solid angle in the other. 
Therefore, if the plane angles in each solid angle are not more than three in 
number, the corresponding solid angles will be equal. But if the correspond- 
ing faces are equal, and the corresponding solid angles equal, the solids must 
be equal ; for they can be superposed, or at least they will be symmetrical 
with one another. Hence the statement of Deff. 9, i o is true and admissible 
at all events in the case of figures with trihedral angles, which is the only case 
taken by Euclid. 

Again, the example given by Simson to prove the incorrectness of Def. lo 
introduces a solid with a re-entrant angle. But it is more than probable that 
Euclid deliberately intended to exclude such solids and to take cogni^nce of 
convex polyhedra only ; hence Simson^s example is not conclusive against the 
definition. 

Legendre observes that Simson’s own definition, though true, has the 
disadvantage that it contains a number of superfluous conditions. To get 
over the difficulties, Legendre himself divides the definition of similar solids 
into two, the first of which defines similar triangular pyramids only, and the 
second (which defines similar polyhedra in general) is based on the first 

Two triangular pyramids are similar when they have pairs of faces respectively 
similar^ similarly placed and equally inclined to one another. 

Then, having formed a triangle with the vertices of three angles taken on 
the same face or base of a polyhedron, we may imagine the vertices of the 
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different solid angles of the polyhedron situated outside of the plane of this 
base to be the vertices of as many triangular pyramids which have the triangle 
for common base, and each of these pyramids will determine the position of 
one solid angle of the polyhedron. This being so, 

Two polyhedra are similar when they have similar baseSy and the vertices of 
their corresponding solid angles outside the bases are determined by triangular 
Pyramids similar each to each. 

As a matter of fact, Cauchy proved that two convex solid figures are equal 
if they are contained by equal plane figures similarly arranged. Legendre 
gives a proof which, he says, is nearly the same as Cauchy’s, depending on two 
lemmas which lead to the theorem that. Given a convex polyhedron in ivhich all 
the solid angles are made up of more than three plane angles^ it is impossible to 
vary the inclinations of the planes of this solid so as to produce a second polyhe- 
dron formed by the same planes arranged in the same manner as in the given 
polyhedron. The convex polyhedron in which all the solid angles are made up 
of more than three plane angles is obtained by cutting off from any given 
polyhedron all the triangular pyramids forming trihedral angles (if one and the 
same edge is common to two trihedral angles, on^y one of these angles is 
suppessed in the first operation). This is legitimate because trihedral angles 
are invariable from their nature. 

Hence it would appear that Heron’s definition of equal solid figures, which 
adds “ similarly situated ” to Euclid’s “ similar ” is correct, if it be understood to 
apply to convex polyhedra only : Equal solid figures are those which are 
contained by equal and similarly situated planes^ equal in number and magnitude: 
where, however, the words ‘‘equal and” before “similarly situated’' might be 
dispensed with. 

Heron (Def. 118) defines similar solid figures as those which are contained 
by planes similar and similarly situated. If understood of convex polyhedra, 
there would not appear to be any objection to this, in view of the truth of 
Cauchy’s proposition about equal solid figures. 


Definition ii. 

Srcpca yiovia iarlv y vtto TrXctovwv y 8vo ypafiixuiv a-rTTopivtov dWT/Xo)!/ Koi firj 
iv Tp avTjj CTTi^avcta ovcrwu 7rpo9 7rd<rai9 rats ypafxfxais kKco-l^. ’'AkXtos * crrcpcd 
y(Di/ta ea-rlv 7 / viro ttAcioi/wv 1 } 8vo yiaviwv cttittcScdv iripi^yopiivr} ovawv iu tw 
aw(3 cTTiTreSo) TTpo? €i/t oirjp€Lio avvLarap^vwv. 

Heiberg conjectures that the first of these two definitions, which is not in 
Euclid’s manner, was perhaps taken by him from some earlier Elements. 

The phraseology of the second definition is exactly that of Plato when he 
is speaking of solid angles in the Timaeus (p. 55). Thus he speaks (i) of four 
equilateral triangles so put together (^wto-rapicva) that each set of three plane 
angles makes one solid angle, (2) of eight equilateral triangles put together so 
that each set of four plane angles makes one solid angle, and (3) of six squares 
making eight solid angles, each composed of three plane right angles. 

As we know, Apollonius defined an angle as the “ bringing together of a 
surface or solid to one point under a broken line or surface.” Heron (Def. 22) 
even omits the word “ broken ” and says that A solid angle is in general {kolvw^) 
the bringing together of a surface which has its concavity in one and the same 
direction to one point. It is clear from an allusion in Proclus (p. 123, i — 6) to 
the half of a cone cut off by a triangle through the axis, and from a scholium to 
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this definition, that there was controversy as to the correctness of describing as a 
solid angle tfie “angle ” enclosed by fewer than three surfaces (including curved 
surfaces). Thus the scholiast says that Euclid’s definition of a solid angle as 
made up of three or more plane angles is deficient because it does not e.g. cover 
the case of the angle of a “ fourth part of a sphere,” which is contained by more 
than two surfaces, though not all plane. But he declines to admit that the 
half-cone forms a solid angle at the vertex, for in that case the vertex of the 
cone would itself be an angle, and a solid angle would then be formed both 
by two surfaces and by one surface: “which is not true.” Heron on the 
other hand (Def. 22) distinctly speaks of solid angles which are not contained 
by plane rectilineal angles, “e.g. the angles of cones.” The conception of the 
latter “ angles ” as the limit of solid angles with an infinite number of infinitely 
small constituent plane angles does not appear in the Greek geometers so far 
as I know. 

In modern text-books a polyhedral angle is usually spoken of as formed 
(or bounded) by three or more planes meeting at a pointy or it is tJu angular 
opening between such planes at the point where they meet. 


Definition 12. 

IlvpafJiLs i(rTL (Tyyjfia crrcpcoK fTrtTTcSots TTipL^ypfiivov dirb cvos cttittcSov irpos €vl 
<TrfpL€ii^ (TVV€(TT<JJS- 

This definition is by no means too clear, nor is the slightly amplified 
definition added to it by Heron (Uef. 99). A pyramid is the figure brought 
together to one point, by putting together triangles, from a triangular, quadri- 
lateral or polygonal, that is, any rectilineal, base. 

As we might expect, there is great variety in the definitions given in 
modern text-books. Legendre says a pyramid ts the solid formed when several 
triangislar planes start from one point and are terminated at th^ different sides 
of one polygonal plane. 

Mr H. M. Taylor and Smith and Bryant call it a polyhedron all but one of 
whose faces meet in a point. 

Mehler reverses Legendre’s form and gives the content of Euclid’s in 
clearer language. ^'‘An n-sided pyramid is bounded by an n-sided polygon as base 
and n triangles which connect its sides with one and the same point outside it.” 

Rausenberger points out that a pyramid is the figure cut off from a solid 
angle formed of any number of plane angles by a plane which intersects the 
solid angle. 


Definition 13. 

npLO-pM icrrl €Tyrjp.a crrcpcov cttittcSois n^pi^yppi^vov, iv Svo ra dwivavrlov tcra 
T€ Kal bpLoid ion Kal TrapdWrjXa, rd Sc Xotira 7rapaWrf\oypapp.a, 

Mr H. M. Taylor, followed by Smith and Bryant, defines a prism as a 
polyhedron all but two of the faces of which are parallel to one straight line, 
Mehler calls an ;/-sided prism a body contained between two parallel planes 
and enclosed by n other planes with parallel lines of intersection. 

Heron’s definition of a prism is much wider (Def. 105). Prisms are those 
figures which are connected (avvaTTrovra) from a rectilineal base to a rectilineal 
area by rectilineal collocation (xar* €Wvypafjip.oy avvOeaiv). By this Heron must 
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apparently mean any convex solid formed by connecting the sides and angles 
of two polygons in different planes, and 
each having any number of sides, by 
straight lines forming triangular faces 
(where of course two adjacent triangles 
may be in one plane and so form one 
quadrilateral face) in the manner shown 
in the annexed figure, where ABCD^ 

EFG represent the base *and its 
opposite. 

Heron goes on to explain that, if 
the face opposite to the base reduces to 
a straight line, and a solid is formed by 
connecting the base to its extremities by 
straight lines, as in the other case, the 
resulting figure is neither a pyramid nor 
a prism. 

Further, he defines parallelogrammic {yn the body of the definition parallel- 
sided) prisms as being those prisms which have six faces and have their 
opposite planes parallel. 



Definition 14. 

X<l>aLpd iariVy orav 'qpuKVKXtov /xcvovcn;? T179 Siafxirpov ttc/jicvcx^cv to 
T^piiKVKXiov €ts TO ttwo TTaXtv diroKaTcuTTaO'^f o$€v rjp$aro fjSc/occr^at, to Tr€piXr)<l>$€v 
(TXWa. 

The scholiast observes that this definition is not properly a definition of a 
sphere but a description of the mode of generating it. But it will be seen, in 
the last propositions of Book xiii., why. Euclid put the definition in this form. 
It is because it is this particular view of a sphere which he uses to prove that 
the vertices of the regular solids which he wishes to “ comprehend ” in certain 
spheres do lie on the surfaces of those spheres. He proves in fact that the 
said vertices lie on semicircles described on certain diameters of the spheres. For 
the real definition the scholiast refers to Theodosius' Sphaerica, But of course 
the proper definition was given much earlier. In Aristotle the characteristic 
of a sphere is that its extremity is equally distant from its centre (to larov dnix^^v 
Tov fi€(rov TO lo-xaTov, De caelo ii. 14, 297 a 24). Heron (Def. 7b) uses the 
same form as that in which Euclid defines the circle: A sphere is a solid 
figure bounded by one surface^ such that all the straight lines falling on it from 
one point of those which lie within the figure are equal to one another. So the 
usual definition in the text-books : A sphere is a closed surface such that all 
points of it are equidistant from a fixed point within it. 

Definition 15. 

^A^u)v 8 c T^s (TKfKilpa^ iarlv r) ficVovcra cv^cia, ircpi 17*' '*‘0 ijp.iKVKXiov (TTpc^cTat. 

That any diameter of a sphere may be called an axis is made clear by 
Heron (Def. 78). The diameter of the sphere is called an axisy and is any 
straight line drawn through the centre and bounded in both directions by the 
sphere^ immovable^ about which the sphere is moved and turned, Cf. Euclid's 
Def. 17. 
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Definition i6. 

Kivrpov 8c (T<f>aLpa^ icrrl to avro, S Kal rov 'qp.iKVKkCov. 

Heron, Def. 77 * middle {point) of the sphere is called its centre ; and 
this same point is also the centre of the hemisphere. 


Definition 17. 


AiaMcrpos 8c nj? crtfiaLpa^ larlv cv^cta T19 8ta tov Kevrpov ijyplvrj koX irtpa- 
Tovp.4vrj €<f>' cKOTcpa TCI p-€prr) vtto nys cTrt^avcta? rrj^ (T<j>aipaf;, 


Definition 18. 

Ka}i^o9 icrriv, orav opOoyoiViov rptywvov p.€Vovcrrf^ /xta« TrXcvpas twv Trcpl r^v 
opO^p yoiviav ir€pi€V€^$€v to Tpiyuyyov ct9 to avro TvaXiv dTroKaraarTaOyy o^cv rjp^aro 
<f>€p€(ruaLf TO vepiXrfifiOev a^^pua. k&v pikv rj pivovaa cv^cta larj |} Ty Xonrjj [rfj] 
‘TTtpL r^v opB^v ‘jr€pL<f>€popL€vyf opOoydvios Harai 6 kwpo^, idv 8c cXaTTov, dpLjSXv^ 
ytivio^i ^av 8c pLeil^inrj o(vy<tiPLos, 

This definition, or rather description of the genesis, of a (right) cone is 
interesting on account of the second, sentence distinguishing between right- 
angled, obtuse-angled and acute-angled cones. This distinction is quite 
unnecessary for Euclid^s purpose and is not used by him in Book xii. ; it is no 
doubt a relic of the method, still in use in Euclid^s time, by which the earlier 
Greek geometers produced conic sections, namely, by cutting right cones only 
by sections always perpendicular to an edge. With this system the parabola 
was a section of a right-angled com, the hyperbola a section of an obtuse-angled 
com^ and the ellipse a section of an acute-angled cone. The conic sections were 
so called by Archimedes, and generally until Apollonius, who was the first to 
give the complete theory of their generation by means of sections not perpen- 
dicular to an edge, and from cones which are in general oblique circular cones. 
Thus Apollonius begins his Conics with the more scientific definition of a cone. 
If, he says, a straight line infinite in length, and passing always through a fixed 
point, be made to move round the circumference of a circle which is not in the 
same plane with the point, so as to pass successively through every point of 
that circumference, the moving straight line will trace out the surface of a double 
cone, or two similar cones lying in opposite directions and meeting in the fixed 
point, which is the apex of each cone. The circle about which the straight line 
moves is called the base of the cone lying between the said circle and the fixed 
point, and the axis is defined as the straight line drawn from the fixed point, 
or the apex, to the centre of the circle forming the base. Apollonius goes on 
to say that the cone is a scalene or oblique cone except in the particular case 
where the axis is perpendicular to the base. In this latter case it is a right 
cone. 

Archimedes called the right cone an isosceles cone. This fact, coupled 
with the appearance in his treatise On Conoids and Spheroids (7, 8, 9) of 
sections of acute-angled cones (ellipses) as sections of conical surfaces which are 
proved to be oblique circular cones by finding their circular sections, makes it 
sufficiently clear that Archimedes, if he had defined a cone, would have 
defined it in the same way as Apollonius does. 



XI. Deff. 19—28] NOTES ON DEFINITIONS 16—28 


271 


Definition 19. 

8c Tov Kiivov ccTTiK ij fJL^vovtTa cv^cta, TTCpt 17V TO TpCyoivov orpcc^crat. 

Definition 20. 

Bacris 8c o kvkXos o vwo rrj^ Tr€pt<f>€pofX€vrj^ €V$€ia^ ypa<f>6p,€VO^, 

Definition 21. 

KvXiv8pos itTTLVy OTav opOoyaivCov TrapaWr)\oypdp.piOV p€VOvcrrj^ p-ta? TrXcupa? 
Twv TTcpt T'^v opO^v yuiviav 7r€pL€V€\0€V TO TTapoXXiyXoypappoi' cts to awo TraXtv 
aTroKaraaTaOjj, o0€v yp(aTo ^cpco’^ai, to wcptXyy^^cv cr)(r}pia. 

Definition 22. 

8c too KoXiVSpoo co-Ttv 17 pcVovo'tt €vO€Lay TTcpl 17V TO TTopaXXi^Xdypappov 

0 'TpC</)CTat. 

Definition 23. 

Bdcrcis 8c ot kokXoi ot otto t<uv aTrcvavriov 'Trcptayop^oiv Svo •TrXcvpdJv 
ypa^dpcvot. 

Definition 24. 

"^Opoiot KUivot Kttt KdXiv8poi €laiVt <Sv 01 T€ Kai at hidpitrpoi twv )3acT€Ciiv 

dvaXoydv eta’ll/. 

Definition 25. 

Kd) 3 o 9 ccTTi (r)(rjp.a (TTCpcov wd c^ Tcrpaywvaiv to-cov 7 rcpic;(dpcvov. 

Definition 26. 

’OxTaeSpov co-Tt <Txy}p>a o-Tcpcdv wd oktw Tptyiuvwv tortov xai laroirXtvptav 
TTcptcxopcvoF. 

Definition 27. 

£tKoaac8pdv cctti <rxvi^ o-Tcpcdv vrrd ^LKoat rpiytavtav latav koX t(ro7rXcvp<i)i/ 
Tr€puxop>€vov, 

Definition 28. 

A<u8€Kd€8pdv CCTTI (Ty^pa O’Tcpcdv VTrd ScdScica TTCVTaywi'aiv tcroiv Kat tcroTrXcdpcov 
Kat t(roy(uvtW Trcptcxdpcvov. 
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Proposition i. 

A part of a straight line cannot be in the plane of reference 
and a fart in a plane more elevated. 

For, if possible, let a part AB oi the straight line ABC 
be in the plane of reference, and a part 
BC in a plane more elevated. 

There will then be in the plane of 
reference some straight line continuous 
with AB \xi z. straight line. 

Let it be BD ; 

therefore AB is a. common segment of the 
two straight lines ABC, ABD : 
which is impossible, inasmuch as, if we 
describe a circle with centre B and distance 
AB, the diameters will cut off unequal circumferences of the 
circle. 

Therefore a part of a straight line cannot be in the plane 
of reference, and a part in a plane more elevated. 

Q. E. D. 

1. the plane of reference, to hiroKclficvov iwlircdoPt the plane laid down or assumed. 

2. more elevated, /icrcwpoT^pv. 

There is no doubt that the proofs of the first three propositions are 
unsatisfactory owing to the fact that Euclid is not able to make any use of his 
definition of a plane for the purpose of these proofs, and they really depend 
upon truths which can only be assumed as axiomatic. The definition of a plane 
as Mrt/ surface which lies evenly with the straight lines on itself whatever its 
exact meaning may be, is nowhere appealed to as a criterion to show whether 
a particular surface is or is not a plane. If the meaning of it is what I conjec- 
ture in the note on Book i., Def. 7 (Vol. i. p. 171), if, namely, it only tries to 
express without an appeal to sight what Plato meant by the “ middle covering 
the extremities (i.e. apparently, in the case of a plane, the fact that a plane 
looked at edgewise takes the form of a straight line), then it is perhaps 
possible to connect the definition with a method of generating a plane which 
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has commended itself to many writers as giving a better definition. Thus, if 
we conceive a straight line in space and a point outside it placed so that, in 
Plato’s words, the line ** covers ” the point as we look at them, the line will 
also “cover” every straight line which passes through the given point and 
some one point on the given straight line. Hence, if a straight line passing 
always through a fixed point moves in such a way as to pass successively 
through every point of a given straight line which does not contain the given 
point, the moving straight line describes a surface which satisfies the Euclidean 
definition of a plane as I have interpreted it. But if w^e adopt the definition 
of a plane as the surface described by a strab^ht line which, passing through a 
giveti point, turns about it in such a way as always to intersect a given straight 
line not passing through the given point, this definition, though it would help us 
to prove Eucl. 'Xi. 2, does not give us the fundamental properties of a plane ; 
some postulate is necessary in addition. The same is true even if we take a 
definition which gives fnore than is required to determine a plane, the defini- 
tion known as Simson’s, though it is at least as early as the time of I'heon of 
Smyrna, who says (p. 1 12, 5) that a plane is a surface such that, if a straight line 
meet it in two points, the straight line lies wholly in it (oXr; aurw i<f>apfi 6 ^€TaL). 
This is also called the axiom of the plane. (For some attempts to prove this on 
the basis of other definitions of a plane see my note on the definition of ss plane 
surface, 1. Def. 7.) If this definition or axiom he assumed. Prop, i becomes 
evident, for, as Legendre says, “ in accordance with the definition of the plane, 
when a straight line has two points common with a plane, it lies wholly in the 
plane.” 

Euclid practically assumes the axiom when he says in this proposition 
“there will be in the plane of reference some straight line continuous with 
ABP Clavius tries, unsuccessfully, to deduce this from Euclid’s own 
definition of a plane; and he seems to admit his 
failure, because he proceeds to try another tack. 

Draw, he says, in the plane DE, the straight line 
CG at right angles to A C, and, again in the plane 
DE, CF dX right angles to CG [i. ii]. Then AC, 

CF make right angles with CG in the same plane ; 
therefore (i. 14) ACF is a straight line. But this 
does not really help, because Euclid assumes tacitly, 
in Book 1. as well as Book xi., that a straight line joining two points in a 
plane lies wholly in that plane. 

A curious point in Euclid’s proof is the reason given why two straight lines 
cannot have a common segment, I'he argument is precisely that of the 
“proof” of the same thing given by Proclus on i. i (see note on Book i. 
Post. 2, Vol. I. p. 197) and is of course inconclusive. The fact that two 
straight lines cannot have a common segment must be taken to be involved 
in the definition of, and the postulates relating to, the straight line ; and the 
“proof” given here can hardly, I should say, be Euclid’s, though the interpo- 
lation, if it be such, must have been made very early. 

The proof assumes too that a circle can be described so as to cut BA, BC 
and BD, or, in other words, it assumes that AD, B C are in one plane ; ■ that 
is, Prop. I as we have it really assumes the result of Prop. 2. There is there- 
fore ground for Simson’s alteration of the proof (after the point where BD has 
been taken in the given plane in a straight line with AB) to the following : 

“ Let any plane pass through the straight line AD and be turned about it 
until it pass through the point C 

18 



H. E. III. 
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And, because the points B, C are in this plane, the straight line 
jjj jt [Simson’s def.] 

Therefore there are two straight lines ABC, ABD in the same plane that 
have a common segment AB : 
which is impossible.” 

Simson, of course, justifies the last inference by reference to his Corollary 
to I. II, which, however, as we have seen, is not a valid proof of the assump- 
tion, which is really implied in i. Post. 2. 

An alternative reading, perhaps due to Theon, says, after the words 
“ which is impossible ” in the Greek text, “for a straight line does not meet a 
straight line in more points than one; otherwise the straight lines will 
coincide.” Simson (who however ' does not seem to have had the second 
clause beginning “otherwise” in the text which he used) attacks this alterna- 
tive reading in a rather confused note chiefly directed against a criticism by 
Thomas Simpson, without (as it seems to me) sufficient reason. It contains 
surely a legitimate argument. The supposed straight lines ABC, ABD meet 
in more than two points, namely in all the points between A and B. But two 
straight lines cannot have two points common without coinciding altogether ; 
therefore ABC must coincide with ABD. 

Proposition 2. 

1/ two straight lines cut one another, they are tn one plane, 
and every triangle is in one plane. 

For let the two straight lines AB, CD cut one another at 
the point E ; 

I say that AB, CD are in one plane, 
and every triangle is in one plane. 

For let points F, G be taken at 
random on EC, EB, 
let CB, EG be joined, 
and let FH, GK be drawn across ; 

I say first that the triangle ECB is 
in one plane. 

For, if part of the triangle ECB, 
either FHC or GBK, is in the plane of reference, and the rest 
in another, 

a part also of one of the straight lines EC, EB will be in the. 
plane of reference, and a part in another. 

But, if the part FCBG of the triangle ECB be in the 
plane of reference, and the rest in another, 
a part also of both the straight lines EC, EB will be in the 
plane of reference and a part in another : 
which was proved absurd. [xi. i] 
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Therefore the triangle ECB is in one plane. 

But, in whatever plane the triangle ECB is, in that plane 
also is each of the straight lines EC^ EB, 

and, in whatever plane each of the straight lines EC, EB is, 
in that plane are AB, CD also. [xi. i] 

Therefore the straight lines. AB, CD are in one plane, 
and every triangle is in one plane. 

Q. E. D. 

It must be admitted that the ‘‘ proof of this proposition is not of any 
value. For one thing, Euclid only takes certain triangles and a certain 
quadrilateral respectively forming part of the original triangle, and argues 
about these. But, for anything we are supposed to know, there may be some 
part of "he triangle bounded (let us say) by some curve which is not in the 
same plane with the triangle. 

We may agree with Simson that it would be preferable to enunciate the 
proposition as follows. 

Two straight lines xvhich intersect are in one plane, and three straight lines 
which intersect two and ttvo are in one plane. 

Adopting Smith and Bryant’s figure in preference to Simson’s, we suppose 
three straight lines PQ, RS, A F to intersect 
two and two in A, P, C, 

Then Simson’s proof (adopted by Legen 
dre also) proceeds thus. 

Let any plane pass through the straight 
line PQ, and let this plane be turned about 
PQ (produced indefinitely) as axis until it 
passes through the point C, 

Then, since the points A, C are in this 
plane, the straight line AC (and therefore 
the straight line RS produced indefinitely) 
lies wholly in the plane. [Simson’s def.] 

For the same reason, since the points B, C are in the plane, the straiglit 
line A' Flies wholly in the plane. 

Hence all three straight lines PQ, RS, XV (and of course any pair of 
them) lie in one plane. 

But it has still to be proved that there is only one plane passing through 
the three straight lines. 

This may be done, as in Mr Taylor’s Euclid, thus. 

Suppose, if possible, that there are t7Vo different planes through A, B, C. 

The straight lines BC, CA, AB then lie wholly in each of the two planes. 

Now any straight line in one of the two planes must intersect at least two 
of the straight lines (produced if necessary) ; 

let it intersect two of them in X, Z. 

Then, since X, L are also in the second plane, the line XL lies wholly in 
that plane. 

Hence every straight line in either of the planes lies wholly in the other 
also ; and therefore the planes are coincident throughout their whole surface. 

i 8-~~2 . 
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It follows from the above that 

A plane is determined (i.e. uniquely determined) by any of the followmg data : 

( 1 ) by three straight lines meeting one another two and two, 

(2) by three points not in a straight line, 

{Z) by two straight lines fneeting one another, 

(4) by a straight line and a point without it. 


Proposition 3. 


If two planes cut one another, their common section is a 
straight line. 


For let the two planes AB, BC cut one another, 


and let the line DB be their common 
section ; 

I say that the line DB is a straight line. 

P'or, if not, from D io B let the straight 
line DEB be joined in the plane AB, and 
in the plane BC the straight line DEB, 
Then the two straight lines DEB, DEB 
will have the same extremities, and will 
clearly enclose an area : 



which is absurd. 


Therefore DEB, DFB are not straight lines. 

Similarly we can prove that neither will there be any 
other straight line joined from D to B except DB the common 
section of the planes AB, BC, 

Therefore etc. 


Q. E. D. 

I think Simson is right in objecting to the words after “ which is absurd,” 
to the effect that DEB, DFB are not straight lines, and that neither can there 
be any other straight line joined from D io B except DB, as being unneces- 
sary. It is right to conclude at once from the absurdity that BD cannot but 
be a straight line. 

Legendre makes his proof depend on Prop. 2. “ For, if, among the points 
common to the two planes, three should be found which are not in a straight 
line, the two planes in question, each passing through three points, would only 
amount to one and the same plane.” [This of course assumes that three 
points determine one and only one plane, which, strictly speaking, involves 
more than Prop. 2 itself, as shown in the last note. ] 

A favourite proposition in modern text-books is the following. The proof 
seems to be due to von Staudt (Killing, Grundlagen der Geometric, Vol. ii. 
P- 43 )- 
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If two planes meet in a pointy iluy meet in a straight line. 

Let ABCy ADE be two given planes meeting 
at A, 

Take any points By C lying on the plane ABCy 
and not on the plane ADE but on the same side 
of it. 

Join A By ACy and produce BA to F. 

Join CF. 

Then, since By F dsit on opposite sides of the 
plane ADEy 

Cy F diie also on opposite sides of it. 

Therefore CF must meet the plane ADE in 
some point, say G. 

Then, since Ay G are both in each of the planes ABC, ADE, the straight 
line AG is in both planes. [.Simson^s def.] 

This is also the place to insert the proposition that. If three planes intersect 
tivo and hvOy their lines of intersection either meet in a point or are parallel Bvo 
and two. 

Let there be three planes intersecting in the straight lines ABy CDy EF. 




Now ABy EF are in a plane ; therefore they either meet in a point or are 
parallel. 

(1) Let them meet in O. 

Then O, being a point in AB, lies in the plane ADy and, being, also a 
point in EFy lies also in the plane ED, 

Therefore O, being common to the planes AD, DEy must lie on CDy the 
line of their intersection ; 
i.e. CD, if produced, passes through O, 

(2) Let ABy EF noX. meet, but let them be parallel. 

Then CD cannot meet AB ; for, if it did, it must necessarily meet EFy 
by the first case. 

Therefore CDy ABy being in one plane, are parallel. 

Similarly CD, EF axG parallel. 


Proposition 4. 

If a straight line be set up at right angles to two straight 
lines which cut one another, at their common point of section, 
it will also be at right angles to the plane through them. 



278 BOOK XI [xi. 4 

For let a straight line EF be set up at right angles to the 
two straight lines AB, CD, which 
cut one another at the point E, 
from E ; 

I say that EF is also at right 
angles to the plane through AB, 

CD. 

For let AE, EB, CE, ED be 
cut off equal to one another, 
and let any straight line GEH be drawn across through E, 
at random ; 
let AD, CB be joined, 

and further let FA, FG, FD, FC, FH, FB be joined from 
the point F taken at random < on EF> . 

Now, since the two straight lines AE, ED are equal to 
the two straight lines CE, EB, and contain equal angles, [i. 15] 
therefore the base AD is equal to the base CB, 
and the triangle will be equal to the triangle CEB \ [1.4] 

so that the angle DAE is also equal to the angle EBC. 

But the angle AEG is also equal to the angle BEH ; [1. 15] 
therefore AGE, BEH are two triangles which have two 
angles equal to two angles respectively, and one side equal 
to one side, namely that adjacent to the equal angles, that 
is to say, AE to EB ; 

therefore they will also have the remaining sides equal to the 
remaining sides. [i- 26] 

Therefore GE is equal to EH, and AG to BH. 

And, since AE is equal to EB, 
while FE is common and at right angles, 
therefore the base FA is equal to the base FB. [i. 4] 

For the same reason 
FC is also equal to FD. 

And, since AD is equal to CB, 
and FA is also equal to FB, 

the two sides FA, AD are equal to the two sides FB, BC 
respectively ; 

and the base FD was proved equal to the base FC ; 
therefore the angle FAD is also equal to the angle FBC. [i. 8] 


F 
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And since, again, A G was proved equal to BH, 
and further FA also equal to FB, 

the two sides FA, AG are equal to the two sides FB, BH. 

And the angle FAG was proved equal to the angle FBH; 
therefore the base FG is equal to the base FH [i. 4] 


Now since, again, GE was proved equal to EH, 
and EF is common, 

the two sides GE, EF are equal to the two sides HE, EF; 
and the base FG is equal to the base FH; 
therefore the angle GEF is equal to the angle HEF. [i. 8] 
Therefore each of the angles GEF, HEF is right. 
Therefore FE is at right angles to GH drawn at random 
through E, 


Similarly we can prove that FE will also me\ke right 
angles with all the straight lines which meet it and are in the 
plane of reference. 

But a straight line is at right angles to a plane when it 
makes right angles with all the straight lines which meet it 
and are in that same plane ; {xj. Def. 3] 

therefore FE is at right angles to the plane of reference. 

But the plane of reference is the plane through the straight 
lines AB, CD. 

Therefore FE is at right angles to the plane through 


AB, CD. 


Therefore etc. 


Q. E. D. 


The steps to be successively proved in order to establish this proposition 
by Euclid’s method are 

(1) triangles AED, BEC equal in all respects, [by i. 4] 

(2) triangles AEG, BE /I equal in all respects, [by 1. 26] 

so that AG is equal to BH, and GE to EH, 

(3) triangles AEP, BEF equal in all respects, [i. 4] 

so that AF is equal to BF, 

(4) likewise triangles CEF, DEF, 
so that CF is equal to DF, 

(5) triangles FAD, FBC equal in all fespects, [i. 8] 

so that the angles FAG, FBH are equal, 

(6) triangles FAG, FBH equal in all respects, [by (2), (3), (5) and i. 4] 
so that FG is equal to FH, 
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(7) triangles FEG, equal in all respects, [by (2), (6) and i. 8] 

SO that the angles FEG^ FEH are equal, 
and therefore FE is at right angles to GH. 

In consequence of the length of the above proof others have been 
suggested, and the proof which now finds most general acceptance is that ot 

Cauchy, which is as follows. i 

Let AB be perpendicular to two straight lines BCy BD in the plane MI\ 

at their point of intersection B. 

In the plane v1/.A^draw BE, any straight line A. 

through B, 

Join CD, and let CD meet BE \n E. / \ X 

Produce AB to F so that BF is equal to ^ / \ \ 

Join AC, AE, AD, CF, EF, DF 1 V \77 

Sini'c BC is perpendicular to AF at its / / 

middle point B, / / / 

AC is equal to CF. / / 

Similarly AD is equal to DF. / 

Since in the triangles A CD, FCD the two 
sides AC, CD are respectively equal to the two ^ 

sides FC, CD, and the third sides AD, FD are 

also equal, r 

the angles ACD, FCD are equal. [i. 8] 

The triangles ACE, FCE thus have two sides and the included angle 

equal, whence „ r t 

EA is equal to EF, [i. 4] 

The triangles ABE, FBE have now all their sides equal respectively ; 
therefore the angles ABE, FBE are equal, [i- 8] 

and AB is perpendicular to BE. 

And BE is in any straight line through B in the plane MN. 


Legendre's proof is not so easy, but it is interesting. We are first required 
to draw through any point E within the angle 
CBD a straight line CD bisected at E. 

To do this we draw EK parallel to DB 
meeting BC in K, and then mark off KC e(iual 
\.oBK. 

CE is then joined and produced to D; and 
CD is the straight line required. 

Now^ joining AC, AE, AD in the figure 
above, we have, since CD is bisected at E, 

(i) in the triangle ACD, 

AO + AJO = 2AE^ + 2ED^, 
and also (2) in the triangle BCD, 

BC^ + BIF = 2 BF? + 2 EIF. 

Subtracting, and remembering that the triangles ABC, ABD are right- 
angledy so that 

AC^-BC^^AB^, 

AIF-BIF^AB^, 

2AB^=^2AE»--2BE^, 



and 

we have 
or 
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whence [i. 48] the angle ABB is a right angle, and AB is perpendicular 
to B£. 

It follows of course from this proposition that the perpendicular A Bis the 
shortest distance from A to the plane MN. 

And it can readily be proved that, 

If from a point without a plane oblique straight lines be draitm to the plane, 
if) those meeting the plane at equal distances ft om the foot of the perpendicular 
are equal, and 

f) of two straight lines meeting the plane at unequal distances from the foot of 
the perpendicular, the more remote is the greater. 

Lastly, it is easily seen that 

Frotn a point outside a plane only one perpendicular can be drawn to that 
plane. 

For, if possible, let there be two perpendiculars. Then a plane can be 
drawn through them, and this will cut the original plane in a straight line. 

This straight line and the two jierpendiculars will form a plane triangle 
which has two right angles : which is impossible. 


Proposition 5. 

If a straight tine be set up at right angles to three straight 
lines whuh meet one another, at their common point of section, 
the three straight lines are in one plane. 

For let a straight line AB be .set up at right angles to the 
three straight lines BC, BD, BE, at 
their point of meeting at B ; 

I say that BC, BD, BE are in one plane. 

For suppose they are not, but, if 
possible, let BD, BE be in the plane of 
reference and BC in one more elevated ; 
let the plane through AB, BC be 
produced ; 

it will thus make, as common section in the plane of reference, 
a straight line. [xi. 3] 

Let it make BE. 

Therefore the three straight lines AB, BC, BE in one 
plane, namely that drawn through AB, BC. 

Now, since AB is zt right angles to each of the straight 
lines BD, BE, 

therefore AB is also at right angles to the plane through 
BD, BE. [XI. 4] 
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But the plane through BD, BE is the plane of reference ; 
therefore is at right angles to the plane of reference. 

Thus AB will also make right angles with all the straight 
lines which meet it and are in the plane of reference. 

[xi. Def. 3j 

But BF which is in the plane of reference meets it ; 
therefore the angle ABF\s right. 

But, by hypothesis, the angle ABC is also right ; 
therefore the angle ABF Is equal to the angle ABC. 

And they are in one plane : 
which is impossible. 

Therefore the straight line BC is not in a more elevated 
plane ; 

therefore the three straight lines BC, BD, BE are in one 
plane. 

Therefore, if a straight line be set up at right angles to 
three straight lines, at their point of meeting, the three straight 
lines are in one plane. Q. e. u. 

It follows that, if a right angle be turned about one of the straight lines 
containing it the other will describe a plane. 

At any point in a straight line it is possible to draw only one plane which 
is at right angles to the straight line. 

One such plane can be found by taking any two planes through the given 
straight line, drawing perpendiculars to the straight 
line in the respective planes, e.g. CO in the 
planes A OB, AOCy each perpendicular to AO, 
and then drawing a plane (BOC) through the 
perpendiculars. 

If there were another plane through O per- 
pendicular to A O, it must meet the plane through 
AO and some perpendicular to it as OC in a 
straight line OC' different from OC. 

Then, by xi. 4, AOC' is a right angle, and in 
the same plane with the right angle A OC : which is impossible. 

Next, o/ie plane and only one can be drawn through a point outside a straight 
line at right angles to that line. 

Let P be the given point, AB the given straight 
line. 

In the plane through P and AB, draw PO per- 
pendicular to AB, and through O draw another straight 
line OQ at right angles to AB. 

Then the plane through OP, OQ is perpendicular 
to AB. 

If there were another plane through P perpendicular 
to AB, either 
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(1) it would intersect AB at O but not pass through OQ, or 

(2) it would intersect AB at a point different from O. 

In either case, an absurdity would result. 

Proposition 6. 

If two straight lines be at right angles to the same plane, 
the straight lines will be parallel. 

For let the two straight lines AB, CD be at right angles 
to the plane of reference ; 

I say that AB is parallel to CD. 

For let them meet the plane of 
reference at the points B, D, 
let the straight line BD be joined, 
let DE be drawn, in the plane of 
reference, at right angles to BD, 
let DE be made equal to AB, 
and let BE, AE, AD be Joined. 

Now, since A Bis at right angles to the plane of reference, 
it will also make right angles with all the straight lines which 
meet it and are in the plane of reference. [xi. Def. 3] 

But each of the straight lines BD, BE is in the plane of 
reference and meets A B ; 

therefore each of the angles ABD, ABE is right. 

For the same reason 

each of the angles CDB, CDE is also right. 

And, since AB is equal to DE, 
and BD is common, 

the two sides AB, BD are equal to the two sides ED, DB ; 
and they include right angles ; 

therefore the base AD is equal to the base BE. [i. 4] 

And, since AB is equal to DE, 
while AD is also equal to BE, 

the two sides AB, BE are equal to the two sides ED, DA ; 
and AE is their common base ; 

therefore the angle ABE is equal to the angle EDA. [i. 8] 
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But the angle ABE is right ; 
therefore the angle EDA is also right ; 
therefore ED is at right angles to DA. 

But it is also at right angles to each of the straight lines 
BD, DC - 

therefore ED is set up at right angles to the three straight 
lines BD, DA, DC at their point of meeting ; 
therefore the three straight lines BD, DA, DC are in one 
plane. [xi- 5] 

But, in whatever plane DB, DA are, in that plane h AB 
also, 

for every triangle is in one plane ; [xi. 2 ] 

therefore the straight lines AB, BD, DC are in one plane. 

And each of the angles ABD, BDC is right ; 
therefore AB is parallel to CD. [i- ^8] 

Therefore etc. Q. e. d. 


If anyone wishes to convince himself of the real necessity for some 
general agreement as to the order in which propositions in elementary 
geometry should be taken, let him contemplate the hopeless result of too 
much independence on the part of editors in the matter of this proposition 
and its converse, xi. 8. 

Legendre adopts a different, and elegant, method of proof ; but he applies 
it to XI. 8, which he gives first, and then deduces xi. 6 from it by reductio ad 
absurdum. Dr Mehler uses Ivegendre's method of proof but applies it to 
XI. 6, and then gives xi. 8 as a deduction from it. Lardner follows Legendre. 
Holgate, the editor of a recent American book, gives Euclid’s proof of xi. 6 
and deduces xi. 8 by reductio ad absurdum. His countrymen, Schultze and 
Sevenoak, give xi. 8 first, but put it after, and deduce it from, Eucl. xi. 10 ; 
they then give xi. 6, practically as a deduction from xi. 8 by reductio ad 
absurdum, after a proposition corresponding to Eucl. xi. ii and 12, and a 
corollary to the effect that through a given point one and only one perpen- 
dicular can be drawn to a given plane. 

We will now give the proof of xi. 6 by Legendre’s method (adopted by 
Smith and Bryant as well as by Mehler). 

Let AB, CD be both perpendicular to the 
same plane MN. 

Join BD. 

Now, since BD meets AB, CD, both of 
which are perpendicular to the plane MN in 
which BD is, 

the angles ABD, CDB are right angles. 

AB, CD will therefore be parallel provided 
that they are in the same plane. 

Through D draw EDF, in the plane MN, 
at right angles to BD, and make ED equal to DF. 
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Join BE, BE, AE, AD, AF. 

Then the triangles BDE, BDF are equal in all respects (by i. 4), so that 

BE is equal to BF. 

It follows, since the angles ABE^ ABF are right, that the triangles ABE^ 
ABFdive equal in all respects, and 

AE is equal to A F. 

[Mehler now argues elegantly thus. If CE, CF be also joined, it is clear 
that 

CE is equal to CF 

Hence each of the four [X)ints A, By ( 7 , D is equidistant from the two 
points F, 

Therefore the points A, B, C, D are in one plane,^ so that AB,, CD are 
parallel. 

If, however, we do not use the locus of points equidistant from two fixed 
points, we proceed as follows.] 

The triangles AEDy AFD have their sides equal respectively ; 
hence [i. 8] the angles ADEy ADFsive equal, 
so that ED is at right angles to AD. 

Thus ED is at right angles to BDy ADy CD ; 
therefore CD is in the plane through ADy BD. [xi. 5] 

But AB is in that same plane ; [xi. 2] 

therefore A By CD are in the same plane. 

And the angles A BDy CDB are right ; 
therefore ABy CD are parallel. 


Proposition 7. 

If two straight lines be parallel and points be taken at 
random on each of them, the straight line joining the points is 
in the same plane with the parallel straight lines. 

Let AB, CD be two parallel straight lines, 
and let points E, F be taken at random 
on them respectively ; 

I say that the straight line joining the 
points E, F is in the same plane with 
the parallel straight lines. 

For suppose it is not, but, if possible, 
let it be in a more elevated plane as 
EGF, 

and let a plane be drawn through EGF -, 
it will then make, as section in the plane of reference, a 
straight line. [xi. 3] 
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Let it make it, as EF-, 

therefore the two straight lines EGF, EF will enclose an 
area : 

which is impossible. 

Therefore the straight line joined from E to F not in a 
plane more elevated ; 

therefore the straight line joined from E to F xs in the plane 
through the parallel straight lines AB, CD. 

Therefore etc. 

Q. E. D. 

It is true that this proposition, in the form in which Euclid enunciates it, 
is hardly necessary if the plane is defined as a surface such that, if any two 
points be taken in it, the straight line joining them lies wholly in the surface. 
But Euclid did not give this definition ; and, moreover, Prop. 2 would be 
usefully supplemented by a proposition which should prove that Hvo parallel 
straight lines deterimne a plane (i.e. one plane and one only) which also 
contains all the straight lines which join a point on one of the parallels to a point 
on the other. That there cannot be two planes through a pair of parallels 
would be proved in the same way as we prove that two or three intersecting 
straight lines cannot be in two different planes, inasmuch as each transversal 
lying in one of the two supposed planes through the parallels would lie wholly 
in the other also, so that the two supposed planes must coincide throughout 
(cf. note on Prop. 2 above). 

But, whatever be* the value of the proposition as it is, Simson seems to 
have spoilt it completely. He leaves out the construction of a plane through 
EGF^ which, as Euclid says, must cut the plane containing the parallels in 
a straight line j and, instead, he says, “ In the plane ABCD in which the 
parallels are draw the straight line EHF from E to Now, although we 
can easily draw a straight line from E \.o F^\.o claim that we can draw it in 
the plane in which the parallels are is surely to assume the very result which is 
to be proved. All that we could properly say is that the straight line joining 
E to is in some plane which contains the parallels ; we do not know that 
there is no more than one such plane, or that the parallels determine a plane 
uniquely^ without some such argument as that which Euclid gives. 

Nor can I subscribe to the remarks in Simson ’s not6 on the proposition. 
He says (i) “This proposition has been put into this book by some unskilful 
editor, as is evident from this, that straight lines which are drawn from one 
point to another in a plane are, in the preceding books, supposed to be in that 
plane ; and if they were not, some demonstrations in which one straight line 
is supposed to meet another would not be conclusive. For instance, in 
Prop. 30, Book I, the straight line GK would not meet EF^ if GK were not in 
the plane in which are the parallels AB^ CD, and in which, by hypothesis, the 
straight line EFisi*' But the subject-matter of Book i. and Book xi. is quite 
different ; in Book i. everything is in one plane, and when Euclid, in defining 
parallels, says they are straight lines in the same plane etc., he only does so 
because he must, in order to exclude non-intersecting straight lines which are 
not parallel. Thus in i. 30 there is nothing wrong in assuming that there may 
be three parallels in one plane, and that the straight line GHK cuts all three. 
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But in Book xi. it becomes a question whether there can be more than one 
plane through parallel straight lines. 

Simson goes on to say (2) “ Besides, this 7th Proposition is demonstrated 
by the preceding 3rd ; in which the very same thing which is proposed to be 
demonstrated in the 7th is twice assumed, viz., that the straight line drawn 
from one point to another in a plane is in that plane.” But there is nothing 
in Prop. 3 about a plane in which two parallel straight lines are ; therefore 
there is no assumption of the result of Prop. 7. What is assumed is that, 
given two points in a plane, they can be joined by a straight line in the plane ; 
a legitimate assumption. 

lastly, says Simson, “ And the same thing is assumed in the preceding 
6th Prop, in which the straight line which joins the points B, D that arc in 
the plane to which AB and CD arc at right angles is supposed to be in that 
plane.” Here again there ls no cjuestion of a plane in which hvo parallels are ; 
so that the criticism here, as with reference to Prop. 3, appears to rest on a 
misapprehension. 


Proposition 8. 

If two straight lines he parallel, and one of them be at 
right angles to any plane, the remaining one will also be at 
right angles to the same plane. 

Let AB, CD be two parallel straight lines, 
and let one of them, AB, be at right 
angles to the plane of reference ; 

I say that the remaining one, CD, will 
also be at right angles to the same 
plane. 

For let AB, CD meet the plane of 
reference at the points B, D, 
and let BD be joined ; 
therefore AB, CD, BD are in one plane. [xi. 7] 

Let DE be drawn, in the plane of reference, at right angles 
to BD, 

let DE be made equal to AB, 
and let BE, AE, AD be joined. 

Now, since AB is at right angles to the plane of reference, 
therefore AB is also at right angles to all the straight lines 
which meet it and are in the plane of reference ; [xi. Def. 3] 
therefore each of the angles ABD, ABE is right. 

And, since the straight line BD has fallen on the parallels 
AB, CD, 
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therefore the angles ABD, CDB are equal to two right 
angles. [i. 29] 

But the angle ABD is right ; 
therefore the angle CDB is also right ; 
therefore CD is at right angles to BD. 


And, since AB is equal to DE, 
and BD is common, 

the two sides A B, BD are equal to the two sides ED, DB ; 
and the angle ABD is equal to the angle EDB, 
for each is right ; 

therefore the base AD is equal to the base BE. 


And, since AB is equal to DE, 
and BE to AD, 

the two sides AB, BE are equal to the two sides ED, DA 
respectively, 

and AE is their common base ; 

therefore the angle ABE is equal to the angle EDA. 

But the angle ABE is right ; 
therefore the angle EDA is also right ; 
therefore ED is at right angles to AD. 

But it is also at right angles to DB ; 

therefore ED is also at right angles to the plane through 
BD, DA. [xi. 4] 

Therefore ED will also make right angles with all the 
straight lines which meet it and are in the plane through 
BD, DA. 

But DC is in the plane through BD, DA, inasmuch as 
A B, BD are in the plane through BD, DA, [xi. 2] 

and DC is also in the plane in which AB, BD are. 

Therefore ED is at right angles to DC, 
so that CD is also at right angles to DE. 

But CD is also at right angles to BD. 

Therefore CD is set up at right angles to the two straight 
lines DE, DB which cut one another, from the point of section 
at Z?; 
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SO that CD is also at right angles to the plane through 
DE, DB. [XI. 4] 

But the plane through DE, DB is the plane of reference ; 
therefore CD is at right angles to the plane of reference. 
Therefore etc. 

Q. E. D. 

Simson objects to the words which explain why DC is in the plane through 
BD^ DAy viz. ‘‘inasmuch as AB^ BD are in the plane through BD^ DA, and 
DC IS also in the plane in which AB, BD are,” as being too roundabout. 
He concludes that they are corrupt or interpolated, and that we ought only to 
have the words “ because all three are in the plane in which are the parallels 
AB, CD'" (by Prop. 7 preceding). But I think Euclid's words can be 
defended. Prop. 7 says nothing of a plane determined by two transversals as 
BD, DA are. Hence it is natural to say that DC is in the same plane in 
which AB, BD are [Prop. 7], and AB, BD are in the same plane as BD, 
DA [Prop. 2], so that DC is in the plane through BD, DA, 

Legendre^s alternative proof is split by him into two propositions. 

(1) Let AB be a perpendicular to the plane MN and EF a line situated in that 
plane ; if from B, the foot of the perpendicular, BD be drawn perpendicular to 
EF, and AD be joined, I say that AD will be perpendicular to EF. 

(2) If AB is perpendicular to the plane MN, every straight line CD parallel to 
AI 3 will be perpendicular to the same plane. 

To prove both propositions together we suppose CD given, join BD, 
and draw EF perpendicular to BD in the 
plane MN, 

(i) As before, we make DE equal to Z^T^and 
join BE, BF, AE, AF. 

Then, since the angles BDE, BDF are 
right, and DE, DF equal, 

BE is equal to BF, [i. 4] 

And, since AB is perpendicular to the 
plane, 

the angles ABE, ABF axQ both right. 

Therefore, in the triangles ABE, ABF, 


AE is equal to A F [i. 4] 

Lastly, in the triangles ADE, A DF, since AE is equal to AF, and DE 
to DF, while AD is common, 

the angle ADE is equal to the angle ADF, [i. 8] 

so that AD is perpendicular to EF, 

(2) ED being thus perpendicular to DA, and also (by construction) 
perpendicular to DB, 

ED is perpendicular to the plane ADB. [xi. 4] 

But CD, being parallel to AB, is in the plane ABD ; 
therefore ED is perpendicular to CD, [xi. Def. 3] 

H. E. III. *9 
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Also, since AB, CD are parallel, 
and ABD is a right angle, 

CDB is also a right angle. 

Thus CD is perpendicular to both DE and DB, and therefore to the 
plane jI/’A/’ through DE, DB. 


Proposition 9. 

Straight lines which aye puTcillel to the same styaight line 
and aye not in the same plane with tt aye also pavallel to one 
anothey. 

For let each of the straight lines AB, CD be parallel to 
EF, not being in the same plane 
with it : 

I say that AB is parallel to CD. 

For let a point G be taken at 
random on EF, 

and from it let there be drawn 
GH, in the plane through EF, 

AB, at right angles to EF, and GK in the plane through 
FE, CD again at right angles to EF. 

Now, since EF is at right angles to each of the straight 
lines GH, GK, 

therefore EF is also at right angles to the plane through 
GH, GK. [XI. 4] 

And EF is parallel to AB ; 

therefore AB is also at right angles to the plane through 
HG, GK. [xi.8] 

For the same reason 

CD is also at right angles to the plane through HG, GK ; 
therefore each of the straight lines AB, CD is at right angles 
to the plane through H G,. GK. 

But, if two straight lines be at right angles to the same 
plane, the straight lines are parallel [xi. 6] 
therefore AB is parallel to CD. 



Q. E. D. 
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Proposition 10. 

If two straight lines meeting one another be parallel to 
two straight lines meeting one another not in the same plane, 
they will contain equal angles. 

For let the two straight lines AB, BC meeting one 
another be parallel to the two straight lines DE, EF meeting 
one another, not in the same plane ; 

I say that the angle ABC is equal to the angle DEF. 



For let BA, BC, ED, EF be cut off equal to one another, 
and let AD, CF, BE, AC, be joined. 

Now, since BA is equal and parallel to ED, 
therefore AD also equal and parallel to BE. [1. 33] 

For the same reason 
CF is also equal and parallel to BE. 

Therefore each of the straight lines AD, CF is equal and 
parallel to BE. 

But straight lines which are parallel to the same straight 
line and are not in the same plane with it are parallel to one 
another ; [xi. 9] 

therefore AD parallel and equal to CF. 

And AC, DF ]om them ; 

therefore AC \s also equal and, parallel to DF. [i. 33] 

Now, since the two sides AB, BC are equal to the two 
sides DJB, EF, 

and the base AC is equal to the base DF, 
therefore the angle ABC is equal to the angle DEF. [i. 8] 
Therefore etc. 

Q. E. D. 

19 — 2 
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The result of this proposition does not appear to be quoted in Euclid until 
XII. 3; but Euclid no doubt inserted it here advisedly, because it has the 
effect of incidentally proving that the “inclination of two planes to one 
another,” as defined in xi. Def. 6, is one and the same angle at whatever 
point of the common section the plane angle measuring it is drawn. 


Proposition ii. 

From a given elevated point to draw a straight line perpen- 
dicular to a given plane. 

Let A be the given elevated point, and the plane of 
reference the given plane ; 
thus it is required to draw from the 
point a straight line perpendicular to 
the plane of reference. 

Let any straight line BC be drawn, 
at random, in the plane of reference, 
and let AD ht drawn from the points 
perpendicular to BC. [i. 12] 

If then AD \s also perpendicular to 
the plane of reference, that which was 
enjoined will have been done. 



But, if not, let DE be drawn from the point D at right 
angles to BC and in the plane of reference, [i. n] 

let AFhe drawn from A perpendicular to DE, [i. 12] 

and let GH be drawn through the point F parallel to BC. 

[i- 31] 


Now, since BC is at right angles to each of the straight 
lines DA, DE, 

therefore BC is also at right angles to the plane through 
ED, DA. [xi. 4] 

And GH is parallel to it ; 

but, if two straight lines be parallel, and one of them be at 
right angles to any plane, the remaining one will also be at 
right angles to the same plane ; [xi. 8] 

therefore GH is also at right angles to the plane through 
ED, DA. 
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Therefore GH is also at right angles to all the straight 
lines which meet it and are in the plane through ED, DA. 

[xi. Def. 3] 

But AF meets it and is in the plane through ED, DA ; 
therefore GH is at right angles to FA, 
so that FA is also at right angles to GH, 

But AF is also at right angles to DE ; 
therefore AF at right angles to each of the straight lines 
GH, DE, 

But, if a straight line be set up at right angles to two 
straight lines which cut one another, at the point of section, 
it will also be at right angles to the plane through them ; [xi. 4] 
therefore FA is at right angles to the plane through ED, GH, 

But the plane through ED, GH is the plane of reference ; 
therefore AFis at right angles to the plane of reference. 

Therefore from the given elevated point A the straight 
line AF has been drawn perpendicular to the plane of 
reference. 

Q. E. F. 


The text-books differ in the form which they give to this proposition rather 
than in substance. They commonly assume the construction of a plane 
through the point A at right angles to any straight line BC 'm the given plane 
(the construction being effected in the manner shown at the end of the note 
on XI. 5 above). The advantage of this method is that it enables a 
perpendicular to be drawn from a point in the plane also, by the same 
construction. (Where the letters for the two figures differ, those referring to 
the second figure are put in brackets.) 



We can include the construction of the plane through A perpendicular to 
BC, and make the whole into one proposition, thus. 

BC being any straight line in the given plane MN, draw AD perpendicu- 
lar to BC, 

In any plane passing through BC but not through A draw DE at right 
angles to BC. 

Through DA, DE draw a plane ; this will intersect the given plane MN 
in a straight line, as FD (AD). 

In the plane AG draw .^.^perpendicular to EG (AD), 

Then AN is the perpendicular required. 
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In the plane MN, through H in the first figure and A in the second, draw 
KL parallel to BC. 

Now, since BC is perpendicular to both DA and DE, BC is perpendicular 
to the plane A G. [xi. 4] 

Therefore KL, being parallel to BC, is also perpendicular to the plane 
A G [xi.. 8], and therefore to AH which meets it and is in that plane. 

Therefore AH is perpendicular to both FD {AD) and KL at their point 
of intersection. 

Therefore AH is perpendicular to the plane MH. 

Thus we have solved the problem in xi. 12 as well as that in xi. ii ; and 
this direct method of drawing a perpendicular to a plane from a point tn it is 
obviously preferable to Euclid’s method by which the construction of a 
pv-rpendicular to a plane from a point without it is assumed, and a line is 
merely drawn from a point in the plane parallel to the perpendicular obtained 
in XI. 1 1. 


Proposition 12. 

To set up a straight line at right angles to a given plane 
from a given point in it. 

Let the plane of reference be the given plane, 
and A the point in it ; 

thus it is required to set up from the point 
A a straight line at right angles to the 
plane of reference. 

Let any elevated point B be conceived, 

from B let BC be drawn perpendicular to 
the plane of reference, [xi. n] 

and through the point A \G.t AD be drawn 
parallel to BC. [i. 31] 

Then, since AD, CB are two parallel straight lines, 
while one of them, BC, is at right angles to the plane of 
reference, 

therefore the remaining one, AD, is also at right angles to 
the plane of reference. [xi. 8] 

Therefore AD has been set up at right angles to the given 
plane from the point A in it. 



Q. E. F. 
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Proposition 13. 

From the same point two straight lines cannot be set up at 
right angles to the same plane on the same side. 

For, if possible, from the same point A let the two straight 
lines AB, AC be set up at right 
angles to the plane of reference and on 
the same side, 

and let a plane be drawn through BA, 

AC; 

it will then make, as section through A 
in the plane of reference, a straight line, 

[xi- 3] 

Let it make DAE ; 
therefore the sti'aight lines AB, AC, DAE are in one plane. 

And, since CA is at right angles to the plane of reference, 
it will also make right angles with all the straight lines which 
meet it and are in the plane of reference. [xi. Def. 3] 

But DAE meets it and is in the plane of reference ; 

therefore the angle CAE is right. 

For the same reason 
the angle BAE is also right ; 

therefore the angle CAE is equal to the angle BAE. 

And they are in one plane : 
which is impossible. 

Therefore etc. 

Q. E. D. 



Simson added words to this as follows : 

“ Also, from a point above a plane there can be but one perpendicular to 
that plane ; for, if there could be two, they would be parallel to one another 
[xi. 6], which is absurd.” 

Euclid does not give this result, but we have already had it in the note 
above to xi. 4 (ad fin.). 
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Proposition 14. 

Planes to which the same straight line is at right angles 
will be parallel. 

For let any straight line AB be at right angles to each of 
the planes CD, EF-, 

I say that the planes are 
parallel. 

For, if not, they will meet 
when produced. 

Let them meet ; 

they will then make, as 
common section, a straight line. [xi. 3] 

Let them make GH •, 

let a point K be taken at random on GH, 
and let AK, BK be joined. 

Now, since AB is at right angles to the plane EF, 

therefore AB is also at right angles to BK which is a straight 
line in the plane EF produced ; [xi. Def. 3] 

therefore the angle A BK is right. 

For the same reason 
the angle BAK is also right. 

Thus, in the triangle ABK, the two angles ABK, BAK 
are equal to two right angles : 

which is impossible. [i. 17] 

Therefore the planes CD, EF will not meet when 
produced ; 

therefore the planes CD, EF are parallel. [xi. Def. 8] 

Therefore planes to which the same straight line is at right 
angles are parallel. 



Q. E. D, 
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Proposition 15. 

If two straight lines meeting one another be parallel to two 
straight lines meeting one another, not being in the same plane, 
the planes through them are parallel. 

For let the two straight lines AB, BC meeting one another 
be parallel to the two straight lines 
DE, EE meeting one another, not 
being in the same plane ; 

I say that the planes produced 
through AB, BC and DE, EE w\\\ 
not meet one another. 

For let BG be drawn from the 
point B perpendicular to the plane 
through DE, EE\}f.\. n], and let it 
meet the plane at the point G ; 
through G let GH be drawn 
parallel to ED, and GK parallel X.o EE. [i- 3 *] 

Now, since BG is at right angles to the plane through 
DE, EE, 

therefore it will also make right angles with all the straight 
lines which meet it and are in the plane through DE, EE. 

[xi. Def. 3] 

But each of the straight lines GH, GK meets it and is in 
the plane through DE, EE; 
therefore each of the angles BGH, BGK is right. 

And, since BA is parallel to GH, [xi- 9] 

therefore the angles GBA, BGH are equal to two right angles. 

[I. 29] 

But the angle BGH is right ; 
therefore the angle GBA is also right ; 
therefore GB is at right angles io BA. 

For the same reason 
GB is also at right angles to B C. 

Since then the straight line GB is set up at right angles 
to the two straight lines BA, BC which cut one another, 
therefore GB is also at right angles to the plane through 
BA, BC. [^- 4] 
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But planes to which the same straight line is at right 
angles are parallel ; [xi. 14] 

therefore the plane through AB, BC is parallel to the plane 
through DE, EF. 

Therefore, if two straight lines meeting one another be 
parallel to two straight lines meeting one another, not in the 
same plane, the planes through them are parallel. 

Q. E. D. 

This result is arrived at in the American text-books already quoted by 
starting from the relation between a plane and a straight line parallel to it. 
The series of propositions is worth giving. A straight line and a plane being 
parallel if they do not meet however far they may be produced, we have the 
following propositions. 

1. Afiy plane containing one^ and only one^ of two parallel straight lines is 
parallel to the other. 

For suppose AB^ CD to be parallel and CD to lie in the plane MN. 

Then AB^ CD determine a plane intersecting MN in the straight line CD, 

Thus, if A B meets MN, it must meet 
it at some point in CD. 

But this is impossible, since AB is 
parallel to CD. 

Therefore AB will not meet the plane 
MN, and is therefore parallel to it. 

[This proposition and the proof are in 
Legendre.] 

The following theorems follow as corollaries. 

2. Through a given straight line a plane can be drawn parallel to any other 
given straight line; and, if the lines are not parallel, only one such plane can be 
drawn. 

We have simply to draw through any point on the first line a straight line 
parallel to the second line and then pass a plane through these two intersecting 
lines. 'Fhis plane is then, by the above proposition, parallel to the second 
given straight line. 

3 Through a given point a plane can be drawn parallel to any two straight 
lines in space ; and, if the latter are not parallel, only one such plane can be 
drawn. 

Here we draw through the point straight lines parallel respectively to the 
given straight lines and then draw a plane through the lines so drawn. 

Next we have the partial converse of the first proposition above. 

4. If a straight line is parallel to a plane, it is also parallel to the inter- 
section of any plane through it with the given plane. 

Let be parallel to the plane MN, and let 
any plane through AB intersect MN in CD. 

Now and CD cannot meet, because, if 
they did, AB would meet the plane MN. 

And AB, CD are in one plane. 

Therefore AB, CD are parallel. 

From this follows as a corollary : 
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5. If each of two intersecting straight lines is parallel to a given plane^ 
the plane containing them is parallel to the given 
plane. 

Let AB^ be parallel to the plane 
MN 

Then, if the plane ABC were to meet the 
plane MN^ the intersection would be parallel 
both to A B and to AC: which is impossible. 

Lastly, we have Euclid’s proposition. 

6. If two straight lines forming an angle are respectively parallel to two 
other straight lines forming an angle^ the plane of 

the first angle is parallel to the plane of the second. 

Let ABCy DEF be the angles formed by 
straight lines parallel to one another respectively. 

Then, since AB is parallel to DE, 
the plane of DEF is parallel to A B[{i) above]. 

Similarly the plane of DEF is parallel to 
BC, 

Hence the plane of DEF is parallel to the 
plane of ABC [(5)]. 

Legendre arrives at the result by yet another method. He first proves 
Eucl. XI. 16 to the effect that, if two parallel planes are cut by a thirds the lines 
of intersection are parallel,^ and then deduces from this that, if tuw parallel 
straight Imes are terminated by tivo parallel planes^ the straight lines are equal 
in length, 

(The latter inference is obvious because the plane through the parallels 
cuts the parallel planes in parallel lines; which 
therefore, with the given parallel lines, form a 
parallelogram.) 

Legendre is now in a position to prove 
Euclid’s proposition xi. 15. 

If ABC^ DEF be the angles, make AB 
equal to DE^ and BC equal to EF^ and join 
CA, FD, BE, CF, AD, 

Then, as in Eucl. xi. 10, the triangles 
ABC^ DEF zxo equal in all respects; 
and AD, BE, CF are all equal. 

It is now proved that the planes are 
parallel by reductio ad absurdum from the 
last preceding result. For, if the plane ABC 
is not parallel to the plane DEF, let the plane drawn through B parallel to the 
plane DEF vaott CF, AD in D, G respectively. 

Then, by the last result BE, HF, GD will all be equal. 

But BE, CF, AD are all equal ; 
which is impossible. 

Therefore etc. 
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Proposition i6. 

If two parallel planes be cut by any plane, their common 
sections are parallel. 

For let the two parallel planes AB, CD be cut by the 
plane EFGH, 

and let EF, GH be their common sections ; 

I say that EF is parallel to GH. 



For, if not, EF, GH will, when produced, meet either in 
the direction of F, H or of E, G. 

Let them be produced, as in the direction of F, H, and 
let them, first, meet at K. 

Now, since EFK is in the plane AB, 
therefore all the points on EF'K are also in the plane AB. 

[XI. l] 

But K is one of the points on the straight line EFK ; 
therefore K is in the plane AB. 

For the same reason 
K is also in the plane CD ; 

therefore the planes AB, CD will meet when produced. 

But they do not meet, because they are, by hypothesis, 
parallel ; 

therefore the straight lines EF, GH will not meet when 
produced in the direction of F, H. 

Similarly we can prove that neither will the straight lines 
EF, GH meet when produced in the direction of E, G. 

But straight lines which do not meet in either direction 
are parallel. [i. Def. 23] 

Therefore EF is parallel to GH. 

Therefore etc. 


Q. E. D. 
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Sinison points out that, in here quoting i. Def. 23, Euclid should have 
said “ But straight lines in one plane which do not meet in either direction are 
parallel.^' 

From this proposition is deduced the converse of xi. 14. 

If a straight line is perpendicular to one of two parallel planes it is 
perpendicular to the other also. 

For suppose that MN^ PQ are two parallel planes, and that AP Is perpen- 
dicular X.Q MN. 

Through AB draw any plane, and let it intersect 
the planes MN^ PQ in A C, BD respectively. 

Therefore ACy BD are parallel. [xi. 16] 

But AC is perpendicular to AB ; 
therefore AB is also perpendicular to BD. 

That is, AB is perpendicular to any line in PQ 
passing through B ; 
therefore AB is perpendicular to PQ. 

It follows as a corollary that 

Through a given point one plane y and only one, can be draion parallel to a 
givm plane. 

In the above figure let A be the given point and PQ the given plane. 

Draw AB perpendicular to PQ> 

Through A draw a plane MN at right angles to AB (see note on xi. 5 
above). 

Then MN is parallel to PQ. [xi. 14] 

If there could pass through A a second plane parallel to PQy AB would 
also be perpendicular to it. 

That is, AB would be perpendicular to two different planes through A : 
which is impossible (see the same note). 

Also it is readily proved that. 

If two planes are parallel to a third plane, they are parallel to one another. 



Proposition 17. 

If two straight lines be cut by parallel planes, they will be 
cut in the same ratios. 


For let the two straight 
lines AB, CD be cut by the 
parallel planes GH, KL, MN 
at the points A, E, B and C, 
FyD , 

I say that, as the straight line 
AE is to EBy so is CF to FD. 

For let AC, BD, AD be 
joined, 

let AD meet the plane KL 

at the point O, 

and let EO, OF be joined. 
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Now, since the two parallel planes KL, MN are cut by 
the plane EBDO, 

their common sections BO, BD are parallel. [xi. 16] 

For the same reason, since the two parallel planes GH, 
KL are cut by the plane A OFC, 

their common sections A C, OB are parallel, [»^ ] 

And, since the straight line BO has been drawn parallel to 
BD, one of the sides of the triangle ABD, 
therefore, proportionally, as AB is to BB, so is AO to OD. 

[VI. 2] 

Again, since the straight line OB has been drawn parallel 
to AC, one of the sides of the triangle 

proportionally, as AO is to OD, so is CB to BD. [iV/.] 

But it was also proved that, a.s AO is to OD, so is A B 
to BB ; 

therefore also, as is to BB, so is CF to BD. [v. ii] 

Therefore etc. 

Q. E. D. 


Proposition 18. 

If a straight line be at right angles to any plane, all the 
planes through it will also be at right angles to the same plane. 

For let any straight line AB be at right angles to the 
plane of reference ; 

I say that all the planes through 
AB are also at right angles to the 
plane of reference. 

For let the plane DB be drawn 
through AB, 

let CE be the common section of 
the plane DE and the plane of 
reference, 

let a point A' "be taken at random on CE, 

and from F let FG be drawn in the plane DE at fight 

angles to CE. [i. n] 

Now, since A B is at right angles to the plane of reference, 
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XI. 18J 

AB \s also at right angles to all the straight lines which meet 
it and are in the plane of reference ; [xi. Def. 3] 

so that it is also at right angles to CE ; 
therefore the angle ABF is right. 

But the angle GFB is also right ; 
thei^efore AB is parallel to FG. [i. 28] 

But AB is at right angles to the plane of reference ; 
therefore FG is also at right angles to the plane of reference. 

[XI. 8] 

Now a plane is at right angles to a plane, when the 
straight lines drawn, in one of the planes, at right angles to 
the common section of the planes are at right angles to the 
remaining plane. [xi. Def. 4] 

And FGt drawn in one of the planes DE at right angles 
to CE, the common section of the planes, was proved to be 
at right angles to the plane of reference ; 

therefore the plane DE is at right angles to the plane of 
reference. 

Similarly also it can be proved that all the planes through 
AB are at right angles to the plane of reference. 

Therefore etc. 

Q. E. D. 

Starting as Euclid does from the definition of perpendicular planes as 
planes such that all straight lines drawn in one of the planes at right angles to 
the common section are at right angles to the other plane, it is necessary for 
him to show that, if F be any point in CE, and FG be drawn in the plane 
DE at right angles to CE, FG will be perpendicular to the plane to which 
AB is perpendicular. 

It is perhaps more scientific to make the definition, as Legendre makes it, 
a particular case of the definition of the inclination of plants. Perpendicular 
planes would thus be planes such that the angle which (when it is acute) 
Euclid calls the inclination of a plane to a plane is a right angle. When to this 
is added the fact incidentally proved in xi. 10 that the “ inclination of a plane to 
a plane ” is the same at whatever point in their common section it is drawn, it 
is sufficient to prove the perpendicularity of two planes if one straight line 
drawn, in one of them, perpendicular to their common section is perpendicular 
to the other. 

If this point of view is taken. Props. 18, 19 are much simplified (cf. 
Legendre, H. M. Taylor, Smith and Bryant, Rausenberger, Schultze and 
Sevenoak, Holgate). The alternative proof is as follows. 

Let AB be perpendicular to the plane MN, and CE any plane through 
AB, meeting the plane MN in the straight line CD. 

In the pkine MNd.xa.'n BFsX right angles to CD. 
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Then ABF\s the angle which Euclid calls (in the case where it is acute) 
the “ inclination of the plane to the plahe.” 



But, since AB h perpendicular to the plane MN, it is perpendicular to 
BF\x\ it. 

Therefore the angle ABF is a right angle ; 
whence the plane CE is perpendicular to the plane MN. 


Proposition 19. 

If two planes which cut one another be at right angles to 
any plane, their common section will also be at right angles to 
the same plane. 

For let the two planes AB, BC be at right angles to the 
plane of reference, 

and let BD be their common section ; 

I say that BD is at right angles to the 
plane of reference. 

For suppose it is not, and from the 
point D let DE be drawn in the plane 
AB 3X right angles to the straight line 
AD, and DF in the plane BC at right 
angles to CD. 

Now, since the plane AB is at right 
angles to the plane of reference, 
and DE has been drawn in the plane AB at right angles to 
AD, their common section, 

therefore DE is at right angles to the plane of reference. 

[xi. Def. 4] 
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Similarly we can prove that 
DF is also at right angles to the plane of reference. 

Therefore from the same point D two straight lines have 
been set up at right angles to the plane of reference on the 
same side : 

which is impossible. ^3] 

Therefore no straight line except the common section DB 
of the planes AB, BC can be set up from the point D at right 
angles to the plane of reference. 

Therefore etc. 

Q. E. D. 


Legendre, followed by other writers already quoted, uses a preliminary 
proposition equivalent to Euclid^s definition of planes at right angles to one 
another. 


If two planes are perpendiailar to one another, a straight line drawn in one 
of I hem perpendicular to their common section will be perpendicular to the other. 

Let the perpendicular planes CE, MN (figure of last note) intersect in 
CD, and let AB be drawn in CE perpendicular to CD, 

In the plane J/iV' draw i?/' at right angles to CZ>. .... . v 

Then, since the planes are perpendicular, the angle ABE {iheir inchnatron) 


is a right angle. 

Therefore AB is perpendicular 


to both CD and BE, and therefore to the 


plane MN. 

We are now in a position to prove xi. 19, 
to a third, their Uitersection is also perpen- 
dicular to that third plane. 

Let each of the two planes AC, AD 
intersecting in AB be perpendicular to the 
plane MN, 

Let A C, AD intersect MN in BC, BD 
respectively. 

In the plane MN draw BE at right 
angles to BC and BE at right angles to 
BD. 


viz. If two planes be perpendicular 



Now, since the planes AC, MN are at or* • 

right angles, and BE is drawn in the latter perpendicular to BC, BE is 
perpendicular to the plane AC. 

Hence AB is perpendicular to BE. 4j 

Similarly AB is perpendicular to BE. 

Therefore AB is perpendicular to the plane through BE, BE, i.e. lu the 
plane MN. 


An useful problem is that of drawing a corn mon perpendicular to two 
straight lines not in one plane, and in connexion with this the following 
proposition may be given. 


H. E. 111. 


20 
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Given a plane and a straight line not perpendicular to ity one plane ^ and only 
one^ can be drawn through the straight line perpen- 
dicular to the plane. 

Let AB the given straight line, MN the 
given plane. 

From any point C in AB draw CD perpen- 
dicular to the plane MN. 

Through AB and CD draw a plane AE. 

Then the plane AE is perpendicular to the 
plane MN. [xi. 18] 

If any other plane could be drawn through 
AB perpendicular to MN^ the intersection AB oi 
the two planes perpendicular to MN would itself 
be perpendicular to MN\ 
which contradicts the hypothesis. 

To draw a- common perpendicular to hvo straight lines not in the same plane. 

Let AB^ CD he the given straight lines. 

Through CD draw the plane MN parallel to AB (Prop. 2 in note 
to XI. 15). 

Through AB draw the plane AE perpendicular to the plane A/N (see the 
last preceding proposition). 


A 


J- 

B 

r 



/ 

( \ 

0 

/ 

M 

1 


E 


[xi. 19] 



Let the planes AE^ J/iV intersect in EE^ and let ^7^ meet CD in G. 

From G, in the plane AE, draw GHdX right angles to EE^ meeting ABinH. 

GH is then the required perpendicular. 

For AB is parallel to (Prop. 4 in note to xi. 15); therefore GH^ 
being perpendicular to EE., is also perpendicular to AB. 

But, the plane AE being perpendicular to the plane MN^ and GH being 
perpendicular to EEj their intersection, 

GH\% perpendicular to the plane and therefore to CD. 

Therefore GHv^ perpendicular to both AB and CD. 

Only one common perpendicular can be drawn to two straight lines not in 
one plane. 

For, if possible, let KL also be perpendicular to both AB and CD* 

Let the plane through KL, AB meet the plane MN ir\ LQ. 

Then AB is parallel to LQ, (Prop. 4 in note to xi. 15), so that KL^ being 
perpendicular to ABy is also perpendicular to LQ. 

Therefore KL is perpendicular to both CZ and LQ^ and consequently to 
the plane MN. 

But, if KP be drawn in the plane AE' perpendicular to EE.^ KP is also 
perpendicular to the plane MN. 
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Thus there are two perpendiculars from the point K to the plane MN : 
which is impossible. 

Rausenberger’s construction for the same problem is more elegant. Draw, 
he says, through each straight line a plane parallel 
to the other. Then draw through each straight line 
a plane perpendicular to the plane through the 
other. The two planes last drawn will intersect 
in a straight line, and this straight line is the 
common perpendicular required. 



The form of the construction best suited for 
examination purposes, because the most self- 
contained, is doubtless that given by Smith and 
Bryant. 

Let AB^ CD be the two given straight lines. 

Through any point E in CD draw parallel to AB. 

From any point G in AB draw GH perpendicular to the plane CDF, 
meeting the plane in H, 

Through H in the plane CDF draw r 

HK parallel to FE or AB, to cut CD 
in K. 

Then, since AB, HK are parallel, 

AGHK is a plane. 

Complete the parallelogram GHKL, 

Now, since LK, GH zxe parallel, and 
GH is perpendicular to the plane CDF, 

LK is perpendicular to the plane 
CDF 

Therefore LK is perpendicular to CD and KH, and therefore to AB which 
is parallel to KH 



Proposition 20. 

If a solid angle te contained by three plane angles, any two, 
taken together in any manner, are greater than the remaining 
one. 

For let the solid angle at A be contained by the three 
plane angles BAC, CAD, DAB ; 

I say that any two of the angles 
BAC, CAD, DAB, taken to- 
gether in any manner, are greater 
than the remaining one. 

If now the angles BA C, CAD, 

DAB are equal to one another, 
it is manifest that any two are greater than the remaining one. 

But, if not, let BAC be greater, 
and on the straight line AB, and at the point A on it, let the 


D 



20 — 2 
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angle BAE be constructed, in the plane through BA, AC, 
equal to the angle DAB ; 
let be made equal to AD, 

and let BEC, drawn across through the point E, cut the 
straight lines AB, AC at the points B, C ; 
let DB, DC be joined. 

Now, since DA is equal to AE, 
and AB is common, 
two sides are equal to two sides ; 
and the angle DAB is equal to the angle BAE ; 
therefore the base DB is equal to the base BE. [i. 4] 

And, since the two sides BD, DC are greater than BC, 

[i. 20] 

and of these DB was proved equal to BE, 

therefore the remainder DC is greater than the remainder EC. 

Now, since DA is equal to AE, 
and AC is common, 

and the base DC is greater than the base EC, 
therefore the angle DA C is greater than the angle EA C. 

b- 25] 

But the angle DAB was also proved equal to the angle 
BAE ; 

therefore the angles DAB, DAC are greater than the angle 
BAC. 

Similarly we can prove that the remaining angles also, 
taken together two and two, are greater than the remaining 
one. 

Therefore etc. 

Q. E. D. 

After excluding the obvious case in which all three angles are equal, 
Euclid goes on to say “ If not, let the angle BAC be greater,” without adding 
greater than wAaf. Heiberg is clearly right in saying that he means greater 
than BAD, i.e. greater than one of the adjacent angles. This is proved by 
the words at the end “ Similarly we can prove,” etc. Euclid thus excludes 
as obvious the case where one of the three angles is not greater than either of 
the other two, but proves the remaining cases. This is scientific, but he might 
further have excluded as obvious the case in which one angle is greater than 
one of the others but equal to or less than the remaining one. 



XI. 20 , 2l] 


PROPOSITIONS 20, 21 


309 


Simson remarks that the angle BA C may happen to be equal to one of 
the other two and writes accordingly “ If they [all three angles] are not [equal], 
let BA C be that angle which is not less than either of the other two, and is 
greater than one of them DAB." He then proves, in the same way as Euclid 
does, that the angles DAB, DAC are greater than the angle BAC, adding 
finally ; “But BAC is not less than either of the angles DAB, DAC; there- 
fore BA C, with either of them, is greater than the other.” 

It would be better, as indicated by Legendre and Rausenberger, to begin 
by saying that, “ If one of the three angles is either equal to or less than either 
of the other two, it is evident that the sum of those two is greater than the 
first. It is therefore only necessary to prove, the case in which one angle is 
greater than each of the others, that the sum of the two latter is greater than 
the former. 

Accordingly let BA C be greater than each of the other angles.” We then 
proceed as in Euclid. 

Proposition 21. 

Any solid angle is contained by plane angles less than four 
right angles. 

Let the angle at ^ be a solid angle contained by the plane 
angles BAC, CAD, DAB ; 

I say that the angles BAC, CAD, 

DAB are less than four right angles. 

For let points B, C, D be taken 
at random on the straight lines AB, 

AC, AD respectively, 
and let BC, CD, DB be joined. 

Now, since the solid angle at B is contained by the three 
plane angles CBA, ABD, CBD, 

any two are greater than the remaining one ; [xi. 20] 

therefore the angles CBA, ABD are greater than the angle 
CBD. 

For the same reason 

the angles BCA, A CD are also greater than the angle BCD, 
and the angles CD A, ADB are greater than the angle CDB ; 
therefore the six angles CBA, ABD, BCA, ACD, CD A, 
ADB are greater than the three angles CBD, BCD, CDB. 

But the three angles CBD, BDC, BCD are equal to two 
right angles ; ^ [i. 32] 

therefore the six angles CBA, ABD, BCA, ACD, CD A, 
ADB are greater than two right angles. 
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And, since the three angles of each of the triangles ABC, 
A CD, ADB are equal to two right angles, 
therefore the nine angles of the three triangles, the angles 
CBA, ACB, BAC, ACD, CD A, CAD, ADB, DBA, BAD 
are equal to six right angles ; 

and of them the six angles ABC, BCA, A CD, CD A, ADB, 
DBA are greater than two right angles ; 
therefore the remaining three angles BAC, CAD, DAB 
containing the solid angle are less than four right angles. 

Therefore etc. 

Q. E. D. 

It will be observed that, although Euclid enunciates this proposition for 
any solid angle, he only proves it for the particular case of a trihedral angle. 
This is in accordance with his manner of proving one case and leaving the 
others to the reader. The omission of the convex polyhedral angle here 
corresponds to the omission, after i. 32, of the proposition about the interior 
angles of a convex polygon given by Proclus and in most books. The proof 
of the present proposition for any convex polyhedral angle can of course be 
arranged so as not to assume the proposition that the interior angles of a 
convex polygon together with four right angles are equal to twice as many 
right angles as the figure has sides. 

Let there be any convex polyhedral angle with V as vertex, and let it be 
cut by any plane meeting its faces in, say, the 
polygon ABODE. 

Take O any point within the polygon, and 
in its plane, and join OA, OB, OC, OD, OE. 

Then all the angles of the triangles with 
vertex 0 are equal to twice as many right angles 
as the polygon has sides ; [i. 32] 

therefore the interior angles of the polygon to- 
gether with all the angles round O are equal to 
twice as many right angles as the polygon has 
sides. 

Also the sum of the angles of the triangles 
VAB, VBC, etc., with vertex V are equal to twice as many right angles as the 
polygon has sides ; 

and all the said angles are equal to the sum . of (i) the plane angles at V 
forming the polyhedral angle and (2) the base angles of the triangles with 
vertex V. 

This latter sum is therefore equal to the sum of (3) all the angles 
round O and (4) all the interior angles of the polygon. 

Now, by Euclid’s proposition, of the three angles forming the solid angle at 
A, the angles VAE, VAB are together greater than the angle EAB. 

Similarly, at B, the angles VBA, VBC are together greater than the angle 
ABC. 

And so on. 

Therefore, by addition, the base angles of the triangles with vertex V 




PROPOSITION 21 


XI. 2l] 


3 ” 


[ (2) above] are together greater than the sum of the angles of the polygon 
(4) above]. 

Hence, by way of compensation, the sum of the plane angles at ^[(i) 
above] is less than the sum of the angles round O [(3) above]. 

But the latter sum is equal to four right angles; therefore the plane angles 
forming the polyhedral angle are together less than four right angles. 


The proposition is only true of convex polyhedral angles, i.e. those in 
which the plane of any face cannot, if produced, ever cut the solid angle. 

There are certain propositions relating to equal (and symmetrical) trihe- 
dral angles which are necessary to the consideration of the polyfiedra dealt 
with by Euclid, all of which (as before remarked) have trihedral angles only. 

1. Two trihedral angles are equal if two face angles and the included 
dihedral angle of the one are respectively equal to tivo face angles and the included 
dihedral angle of the other^ the equal parts being arranged in the same order. 

2. Two trihedral angles are equal if two dihedral angles and the included 
face angle of the one are respectively equal to two dihedral angles and the included 
face angle of the other., all equal parts being arranged in the same order. 

These propositions are proved immediately by superposition. 

3. Two trihedral angles are equal if the three face angles of the one are 
respectively equal to the three face angles of the other., and all are arranged in the 
same order. 

Let V—ABC dXidi V* — ABC be two trihedral angles such that the angle 
A VB is equal to the angle A V'B\ the angle BFC io the angle B' V'C\ and 
the angle CVA to the angle C V' A. 


V V' 



We first prove that corresponding pairs of face angles include equal dihedral 
angles. 

E.g., the dihedral angle formed by the plane angles CVA^ A VB is equal 
to that formed by the plane angles C V'A , A' V'B\ 

Take points A, B, C on VA., VB, VC and points A, B\ C on V* A , 
rB\ VC, such that VA, VB, VC VA, VB\ F ' (7 are all equal. 

Join BC, CA, AB, BC, CA, AB. 

Take any point D on A V, and measure AD' along A' V equal to AD. 

From D draw DE in the plane AVB, and DF in the plane CVA, 
perpendicular to A V. Then DE, DF will meet AB, AC respectively, the 
angles VAB, VAC, the base angles of two isosceles triangles, being less than 
right angles. 

Join EF. 

Draw the triangle D'E'F in the same way. 
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Now, by means of the hypothesis and construction, it appears that the 
triangles VA Bj V'A'B' are equal in all respects. 

So are the triangles VAC, V'A'C\ and the triangles VBC, V'B'C\ 

Thus BC, CA, AB are respectively equal to B' C\ CA\ A B\ and the 
triangles ABC, A'B'C' are equal in all respects. 

Now, in the triangles ADE, AD E, 

the angles ADE, DAE are equal to the angles AD'E, D'AE' respectively, 
and AD is equal to A'D\ 

Therefore the triangles ADE, AD'E are equal in all respects. 

Similarly the triangles ADE, A EE are equal in all respects. 

Thus, in the triangles A EE, A' EE', 

EA, AEdixe respectively equal to EA, AE\ 

and the angle EAEis equal to the angle EAE' (from above) ; 

therefore the triangles AEE, A EE' are equal in all respects. 

Lastly, in the triangles DEE, D' EE, the three sides are respectively 
equal to the three sides; 
therefore the triangles are equal in all respects. 

Therefore the angles EDE, ED'E are equal. 

But these angles are the measures of the dihedral angles formed by the 
planes CVA, A VB and by the planes C'V'A, A V'B' respectively. 

Therefore these dihedral angles are equal. 

Similarly for the other two dihedral angles. 

Hence the trihedral angles coincide if one is applied to the other ; 
that is, they are equal. 

To understand what is implied by “taken in the same order” we may 
suppose ourselves to be placed at the vertices, and to take the faces in clock- 
wise direction, or the reverse, for both angles. 

If the face angles and dihedral angles are taken in reverse directions, i.e. 
in clockwise direction in one and in counterclockwise direction in the other, 
then, if the other conditions in the above three propositions are fulfilled, the 
trihedral angles are not equal but symmetrical. 

If the faces of a trihedral angle be produced beyond the vertex, they form 
another trihedral angle. It is easily seen that these vertical trihedral angles 
are symmetncal. 


Proposition 22. 

If there be three plane angles of which two, taken together 
in any manner, are greater than the remaining one, and they 
are contained by equal straight lines, it is possible to construct 
a triangle out of the straight lines joining the extremities of 
the equal straight lines. 

Let there be three plane angles ABC, DEF, GHK, of 
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which two, taken together in any manner, are greater than 
the remaining one, namely 

the angles ABC, DEF great&c than the angle GHK, 
the angles DEF, GHK greater than the angle ABC, 
and, further, the angles GHK, ABC greater than the angle 
DEF- 

let the straight lines AB, BC, DE, EF, GH, HK be equal, 
and let AC, DF, GK be joined ; 

I say that it is possible to construct a triangle out of straight 
lines equal to AC, DF, GK, that is, that any two of the 
straight lines AC, DF, GK are greater than the remaining 
one. 



Now, if the angles ABC, DEF, GHK are equal to one 
another, it is manifest that, AC, DF, GK being equal also, 
it is possible to construct a triangle out of straight lines equal 
to AC, DF, GK. 


But, if not, let them be unequal, 
and on the straight line HK, and at the point H on it, let 
the angle KHL be constructed equal 
to the angle ABC ; 
let HL be made equal to one of the 
straight lines AB, BC, DE, EF, GH, 

HK, 

and let KL, GL be joined. 

Now, since the two sides AB, BC ® 
are equal to the two sides KH, HL, 
and the angle at B is equal to the angle KHL, 
therefore the base AC is equal to the base KL. [i. 4] 

And, since the angles ABC, GHK are greater than the 
angle DEF, 
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while the angle ABC is equal to the angle KHL^ 
therefore the angle GHL is greater than the angle DBF. 

And, since the two sides GH, HL are equal to the two 
sides DE, EF, 

and the angle GHL is greater than the angle DEF, 
therefore the base GL is greater than the base DF, [i. 2^4] 

But GK, KL are greater than GL, 

Therefore GK, KL are much greater than DF, 

But KL is equal to 

therefore AC, GK are greater than the remaining straight 
line DF, 

Similarly we can prove that 
AC, DF are greater than GK, 
and further DF, GK are greater than A C. 

Therefore it is possible to construct a triangle out of 
straight lines equal to AC, DF, GK, 

Q. E. D. 

The Greek text gives an alternative proof, which is relegated by Heiberg 
to the Appendix. Simson selected the alternative proof in preference to that 
given above ; he objected however to words near the beginning, “ If not, let 
the angles at the points B, E, ZTbe unequal and that at B greater than either 
of the angles at E, H,'' and altered the words so as to take account of the 
possibility that the angle at B might be equal to one of the other two. 

As will be seen, Euclid takes no account of the relative magnitude of the 
angles except as regards the case when all three are equal. Having proved 
that one base is less than the sum of the two others, he says that “ similarly 
we can prove the same thing for the other two bases. 

If a distinction is to be made according to the relative magnitude of the 
three angles, we may say, as in the corresponding place in xi. 21, that, if one 
of the three angles is either equal to or less than either of the other two, the 
bases subtending those two angles must obviously be together greater than the 
base subtending the first. Thus it is only necessary to prove, for the case in 
which one angle is greater than either of the others, that the sum of the bases 
subtending those others is greater than that subtending the first. This is 
practically the course taken in the interpolated alternative proof. 

Proposition 23. 

To construct a solid angle out of three plane angles two of 
which, taken together in any manner, are greater than the 
remaining one : thus the three angles must be less than four 
right angles. 
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Let the angles ABC, DEF, GHK be the three given 
plane angles, and let two of these, taken together in any 
manner, be greater than the remaining one, while, further, 
the three are less than four right angles ; 

thus it is required to construct a solid angle out of angles 
equal to the angles ABC, DEF, GHK. 



Let AB, BC, DE, EF, GH, HK be cut off equal to one 
another, 

and let A C, DF, GK be joined ; 

it is therefore possible to construct a triangle out of straight 
lines equal to AC, DF, GK. [xi. 22] 

Let LMN be so constructed that 
AC is equal to LM, DF to MN, and 
further GK to NL, 
let the circle LMN he described about 
the triangle LMN, 
let its centre be taken, and let it be t?; 
let LO, MO, NO be joined ; 

I say that AB is greater than LO. 

For, if not, AB is either equal to LO, or less. 

First, let it be equal. 

Then, since AB is equal to LO, 

while AB is equal to BC, and OL to OM, 

the two sides AB, BC are equal to the two sides LO, OM 
respectively ; 

and, by hypothesis, the base AC is equal to the base LM ; 
therefore the angle ABC is equal to the angle LOM. [i. 8 ] 
For the same reason 

the angle DEF is also equal to the angle MON, 
and further the angle GHK to the angle NOL ; 
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therefore the three angles ABC, DEF, GHK are equal to 
the three angles LOM, MON, NOE. 

But the three angles LOM, MON, NOL are equal to 
four right angles ; 

therefore the angles ABC, DEF, GHK are equal to four 
right angles. 

But they are also, by hypothesis, less than four right angles : 
which is absurd. 

Therefore AB is not equal to LO. 

I say next that neither is A B less than LO. 

For, if possible, let it be so, 

and let OP be made equal to AB, and OQ equal to BC, 
and let PQ be joined. 

Then, since AB is equal to BC, 

OP is also equal to OQ, 

so that the remainder LP is equal to QM. 

Therefore LM is parallel to PQ, [vt. 2] 

and LMO is equiangular with PQO : [i- 29] 

therefore, as OL is to LM, so is OP to PQ ; [vi. 4] 

and alternately, as LO is to OP, so is LM to PQ. [v. 16] 
But LO is greater than OP \ 
therefore LM is also greater than PQ. 

But LM was made equal to AC ; 
therefore AC is also greater than PQ. 

Since, then, the two sides AB, BC are equal to the two 
sides PO, OQ, 

and the base AC is greater than the base PQ, 
therefore the angle ABC is greater than the angle POQ. 

[i. 25] 

Similarly we can prove that 
the angle DEF is also greater than the angle MON, 
and the angle GHK greater than the angle NOL. 

Therefore the three angles ABC, DEF, GHK are greater 
than the three angles LOM, MON, NOL. 

But, by hypothesis, the angles ABC, DEF, GHK are 
less than four right angles ; 

therefore the angles LOM, MON, NOL are much less than 
four right angles. 
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But they are also equal to four right angles : 
which is absurd. 

Therefore AB not less than LO. 

And it was proved that neither is it equal ; 

therefore AB is greater than LO. 

Let then OR be set up from the point O at right angles 
to the plane of the circle LMN, [xi. 12] 

and let the square on OR be equal to that area by which 
the square on AB is greater than the square on LO ; [I.emmaj 

let RL, RM, RN be joined. 

Then, since RO is at right angles to the plane of the circle 
LMN, 

therefore is also at right angles to each of. the straight 
lines LO, MO, NO. 

And, since ZO is equal to OM, 
while OR is common and at right angles, 
therefore the base RL is equal to the base RM. [i. 4] 

For the same reason 

RN is also equal to each of the straight lines RL, RM ; 

therefore the three straight lines RL, RM, RN are equal to 
one another. 

Next, since by hypothesis the square on OR is equal to 
that area by which the square on AB is greater than the 
square on LO, 

therefore the square on A B is equal to the squares on LO, OR. 

But the square on LR is equal to the squares on LO, OR, 
for the angle LOR. is right ; [i. 47] 

therefore the square on is equal to the square on RL ; 
therefore AB is equal to RL. 

But each of the straight lines BC, DE, EF, GH, HK is 
equal to AB, 

while each of the straight lines RM, RN is equal to RL ; 

therefore each of the straight lines AB, BC, DE, EF, GH, 
HK is equal to each of the straight lines RL, RM, RN. 
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And, since the two sides LR,, RM are equal to the two 
sides AB, BC, 

and the base LM is by hypothesis equal to the base AC, 
therefore the angle LRM is equal to the angle ABC. [i. 8 ] 

For the same reason 

the angle MRN is also equal to the angle DEF, 
and the angle LRM to the angle GHK. 

Therefore, out of the three plane angles LRM, MRN, 
LRN, which are equal to the three given angles ABC, DEF, 
GHK, the solid angle at R has been constructed, which is 
contained by the angles LRM, MRN, LRN. 

Q. E. F. 

Lemma. 

But how it is possible to take the square on OR equal to 
that area by which the square on A B is 
greater than the square on LO, we can show 
as follows. 

Let the straight lines AB, LO be 
set out, 

and let AB be the greater ; 
let the semicircle ABC be described on AB, 
and into the semicircle ABC let AC he fitted equal to the 
straight line L O, not being greater than the diameter AB ; [iv. i] 
let CB be joined 

Since then the angle ACB is an angle in the semicircle 
ACB, 

therefore the angle ACB is right. [m- 31] 

Therefore the square on AB is equal to the squares on 
AC, CB. [I- 47] 

Hence the square on AB is greater than the square on 
AC by the square on CB. 

But AC is equal to LO. 

Therefore the square on is greater than the square on 
LO by the square on CB. 

If then we cut off OR equal to BC, the square on A B will 
be greater than the square on LO by the square on OR. 

Q. E. F. 

The whole difficulty in this proposition is the proof of a fact which makes 
the construction /r^sstM, viz. the fact that, if LMNhe. a triangle with sides 
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respectively equal to the bases of the isosceles triangles which have the 
given angles as vertical angles and the equal sides all. of the same length, then 
one of these equal sides, as AB, is greater than the radius LO of the circle 
circumscribing the triangle LMN. 

Assuming that AB is greater than ZO^ we have only to draw from O a 
perpendicular OB to the plane of the triangle LMN, to make OB of such a 
length that the sum of the squares on LO, OB is equal to the square on AB, 
and to join RL, BM, BN (The manner of finding OB such that the square 
on it is equal to the difference between the squares on A B and LO is shown 
in the Lemma at the end of the text of the proposition. We have already 
had the same construction in the Lemma after x. 13.) 

Then clearly BL, BM, are equal to A B and to one another [i. 4 
and I. 47]. 

Therefore the triangles I.BM, MBN, NBL have their three sides 
respectively equal to those of the triangles ABC, DEB, GHK respectively. 

Hence their vertical angles are equal to the three given angles respectively ; 
and the required solid angle is constructed. 

We return now to the proposition to be proved as a preliminary to the 
construction, viz. that, in the figures, AB is greater than LO, 

It will be observed that Euclid, as his manner is, proves it for one case 
only, that, namely, in which O, the centre of the circle circumscribing the 
triangle LMN, falls within the triangle, leaving the other cases for the reader 
to prove. As usual, however, the two other cases are found in the Greek text, 
after the formal conclusion of the proposition, as above, ending with the words 
oTTcp ISci TTotiJcrat. This position for the proofs itself suggests that they are not 
Euclid’s but are interpolated; and this is rendered certain by the fact that 
words distinguishing three cases at the point where the centre O of the 
circumscribing circle is found, “ It [the centre] will then be either within the 
triangle LMN or on one of its sides or without. First let it be within,” are 
found in the mss. B and V only and are manifestly interpolated. Nevertheless 
the additional two cases must have been inserted very early, as they are found 
in all the best mss. 

In order to give a clear view ot the proof of all three cases as given in the 
text, we will reproduce all three (Euclid’s as well as the others) with abbrevia- 
tions to make them catch the eye better. 

In all three cases the proof is by reductio ad absurdum, and it is proved 
first that AB cannot be equal to LO, and secondly that AB cannot be less 
than LO, 

Case I. 

(i) Suppose, if possible, that AB - LO. 

Then AB, BC are respectively equal to LO, OM; 
and AC - LM (by construction). 

Therefore ^ ABC = l LOM. 

Similarly ^ DEB— l M ON, 

L GHK^ L NOL. 

Adding, we have 

lABC^l DEB->^ l GHK^ l LOM+ l MON ^ l NOL 

- four right angles : 

which contradicts the hypothesis. 

Therefore AB=t=LO, 



320 


BOOK XI 


[xi. 23 


(2) Suppose that AB < LO* 

Make OPy OQ (measured along OL, OM) each equal to A B. 

Thus, OL, OM being equal also, it follows that 

PQ is II to LM, 

Hence LM . PQ^ LO : 0P‘, 

and, since LO > OPj 
LM, i.e. AC,> PQ. 

Thus, in As POQ^ ABC, two sides are equal to two sides, and base 
AC> base PQ, 

therefore i. ABC > zl POQ, i.e. l LOM. 

Similarly l DEF > uM ON, 

lGHK>l.NOL, 
and it follows by addition that 

L ABC + L D£F+ L GHK > (four right angles) : 
which again contradicts the hypothesis. 


Case II. 


(1) Suppose, if possible, that AB = LO. 

Then (AB + BC), or (FF + £F) = MO 4- OL 

= MN 
= DF: 

which contradicts the hypothesis. 

(2) The supposition that AB < LO is even more 
impossible ; for in this case it would result that 

DF + EF< DF 



Case III. 

(1) Suppose, if possible, that AB — LO. 

Then, in the triangles ABC, LOM, two sides AB, BC are respectively 
equal to two sides Z&, OM, and the bases 
A C, LM equal ; 
therefore l ABC = l LOM. 

Similarly u GHK - l NOL. 

Therefore, by addition, 

z. MON= L ABC+ L GHK 

> lFFF {by hypothesis). 

But, in the triangles DFF, MON, which 
are equal in all respects, 

L MON^ L DFF. 

But it was proved that u MO N> l DEF: 
which is impossible. 

(2) Suppose, if possible, that AB < LO. 

Along OL, OM measure OP, OQ each equal to AB. 
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Then LM^ PQ are parallel, and 

LM : PQ=^LO : OP, 

whence, since LO> OP, 

LM, or AC, > PQ. 

Thus, in the triangles ABC, POQ, 

lABC> lPOQ, i.e. lLOM. 

Similarly, by taking OR along OJVequa\ to AB, we prove that 
lGHK>uLON. 

Now, at O, make lPOS equal to lABC, and lPOT equal to 
lGHK. 

Make OS, OT each equal to OP, and join ST, SP, TP. 

Then, in the equal triangles ABC, POS, 

AC^PS, 

so that LM ~ PS* 

Similarly LN — PT. 

Therefore in the triangles MLN, SPT, since lMI.N> lSPT [this is 
assumed, but should have been explained], 

MN> ST, 

or DF> ST. 

Lastly, in As DEF, SOT, which have two sides equal to two sides, since 
DF> ST, 

L DEF> L SOT 

> L ABC + L GHK (by construction) ; 

which contradicts the hypothesis. 

Simson gives rather different proofs for all three cases ; but the essence of 
them can be put, I think, a little more shortly than in his text, as well as more 
clearly, 

Case I. {O within LLMN.) 

(i) Let AB be, if possible, equal to LO. 

Then the As ABC, DEF, GHK must be identically equal to the As 
LOM, MON, NOL respectively. 



Therefore the vertical angles at O in the 
latter triangles are equal respectively to the angles 
at B, E, H. 

The latter are therefore together equal to four 
right angles : 
which is ini possible. 

(2) If AB be less than LO, construct on the 
bases LM, MN, NL triangles with vertices 
P, Q, R and identically equal to the As ABC, 
DEF, GHK respectively. 
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Then F, Q, R will fall within the respective angles at 0 , since PL = FM 
and <LO^ and similarly in the other cases. 

Thus [i. 2i] the angles at Q, R are respectively greater than the angles 
at 0 in which they lie. 

Therefore the sum of the angles at F, Q, R, i.e. the sum of the angles at 
By Ey Hy is greater than four right angles : 
which again contradicts the hypothesis. 

Case II. {O lying on MN,) 

In this case, whether (i) AB = Z( 9 , or (2) AB < LOy a triangle cannot 
be formed with MN as base and each of the other sides equal to AB, In other 
words, the triangle either reduces to a straight line or is impossible. 



Case III. {O lying outside the C^LMN,) 

(1) Suppose, if possible, that AB ~ LO, 

Then the triangles LOMy MONy NOL are identically equal to the 
triangles ABCy DEFy GHK, 

Since l LOM+ l LON^ l MONy 

L ABC + L GHK=^ L DEF: 
which contradicts the hypothesis. 

(2) Suppose that AB < OL, 

Draw, as before, on LMy MNy NL as bases triangles with vertices Py Qy R 
and identically equal to the As ABCy DEFy GHK, 

Next, at N on the straight line NRy make L RNS equal to the angle 
PLMy cut off NS equal to LM and join RSy LS, 

Then A NRS is identically equal to A LPM or A ABC, 

Now ( L LNR + ^ RNS) <{lNLO^l OLM)y 

that is, L. LNS < z. NLM, 

Thus, in A s LNSy NLM, two sides are equal to two sides, and the included 
angle in the former is less than the included angle in the other. 

Therefore LS < MN. 
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Hence, in the triangles MQN, LXS, two sides are equal to two sides, and 
Am> LS. 

Therefore l MQN > u LRS 

> ( L. LRN+ L SRN) 

> ( L LRN+ L LPM). 

That is, i. DEF> ( l GHK +l ARC): 

which is impossible. 

B 



Proposition 24. 

If a solid be contained by parallel planes, the opposite planes 
in it are eqii.al and parallelogranimic. 

For let the solid CDHG be contained by the parallel planes 
AC, GF, AH, DF, BF, AE ; 

I say that the opposite planes 
in it are equal and parallelo- 
gram mic. 

For, since the two parallel ^ 
planes BG, CE are cut by the 
plane AC, 

their common sections are 
parallel. [xi. 16] 
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Therefore AB is parallel to DC. 

Again, since the two parallel planes BF, AE are cut by 
the plane AC, 

their common sections are parallel. [xi. 16] 

Therefore BC is parallel to AD. 

A B was also proved parallel to DC ; 
therefore AC is a parallelogram. 

Similarly we can prove that each of the planes DF, FG, 
GB, BF, AE is a parallelogram. 

Let AH, DF be joined. 

Then, since AB is parallel to DC, and BH to CF, 
the two straight lines AB, BH which meet one another are 
parallel to the two straight lines DC, CF which meet one 
another, not in the same plane ; 

therefore they will contain equal angles ; [xi. 10] 

therefore the angle ABH is equal to the angle DCF. 

And, since the two sides AB, BH are equal to the two 
sides DC, CF, [i. 34] 

and the angle ABH is equal to the angle DCF, 
therefore the base AH is equal to the base DF, 
and the triangle ABH is equal to the triangle DCF. [i. 4] 

And the parallelogram BG is double of the triangle ABH, 
and the parallelogram CE double of the triangle DCF; [i. 34] 
therefore the parallelogram BG is equal to the parallelo- 
gram CE. 

Similarly we can prove that 
AC is also equal to GF, 
and AE to BF. 


Therefore etc. 


Q. E. D. 


As Heiberg says, this proposition is carelessly enunciated. Euclid means 
a solid contained by six planes and not more, the planes are parallel iwo and 
two, and the opposite faces are equal in the sense of identically equal, or, as 
Simson puts it, equal and similar. The similarity is necessary in order to 
enable the equality of the parallelepipeds in the next proposition to be inferred 
from the loth definition of Book xi. Hence a better enunciation would be: 

If a solid be contained by six planes parallel two and two, the opposite paces 
respectively are egual and similar parallelograms. 

The proof is simple and lequires no elucidation. 
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Proposition' 25. 

If a parallelepipedal solid be cut by a plane which is 
parallel to the opposite planes, then, as the base is to the base, so 
will the solid be to the solid. 

For let the parallelepipedal solid ABCD be cut by the 
plane FG which is parallel to the opposite planes RA, DH •, 

I say that, as the base A EFV is to the base EHCF, so is the 
solid ABFU to the solid EGCD. 


X a R u o Y T 



For let AH be produced in each direction, 
let any number of straight lines whatever, AK, KL, be made 
equal to AE, 

and any number whatever, HM, MN, equal to EH ; 

and let the parallelograms LP, KV, HW, MS and the solids 
LQ, KR, DM, MThe completed. 

Then, since the straight lines LH, KA, AE are equal to 
one another, 

the parallelograms LP, KV, AF a.rc also equal to one another, 
KO, KB, AG are equal to one another, 

and further LX, KQ, AR are equal to one another, for they 
are opposite. [xi. 24] 

For the same reason 

the parallelograms EC, HW, MS are also equal to one another, 

HG, HI, IN are equal to one another, 

and further DH, MY, NT are equal to one another. 

Therefore in the solids LQ, KR, AU three planes are 
equal to three planes. 
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But the three planes are equal to the three opposite ; 
therefore the three solids L Q, KR, A U are equal to one 
another. 

For the same reason 

the three solids ED, DM, MT are also equal to one another. 

Therefore, whatever multiple the base LF is of the base 
AF, the same multiple also is the solid LU oi the solid A U. 

For the same reason, 

whatever multiple the base N^F is of the base FM, the same 
multiple also is the solid NU of the solid HU. 

And, if the base LF is equal to the base NF, the solid L U 
is also equal to the solid NU ; 

if the base LF exceeds the base NF, the solid L U also 

exceeds the solid NU ; 

and, if one falls short, the other falls short. 

Therefore, there being four magnitudes, the two bases 
AF, FH, and the two solids A U, UH, 

equimultiples have been taken of the base AFand the solid 
A U, namely the base LF and the solid L U, 
and equimultiples of the base HF and the solid HU, namely 
the base iV/^and the solid NU, 

and it has been proved that, if the base LF exceeds the base 
FN, the solid L U also exceeds the solid NU, 
if the bases are equal, the solids are equal, 
and if the base falls short, the solid falls short. 

Therefore, as the base AF is to the base FH, so is the 
solid AU to the solid UH. [v. Def. 5] 

Q. E D. 

It is to be observed that, as the word parallelogrammic was used in Book i. 
without any definition of its meaning, so wapoAXiyAcTriTrcSo?, parallelepipedal^ is 
here used without explanation. While it means simply “with parallel planes,” 
i.e. “faces,” the term is appropriated to the particular solid which has six 
plane faces parallel two and two. The proper translation of (rrcpcov 
TrapaXXrj\.€WLir€^v IS parallelepipedal solids not solid parallelepiped^ as it is 
usually translated. Still less is the solid a parallel<?piped, as the word is not 
uncommonly written. 

The opposite faces in each set of parallelepipedal solids in this proposition 
are not only equal but equal and similar, Euclid infers that the solids in each 
set are equal from Def. lo; but, as we have seen in the note on Deff. 9, 10, 
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though it is true, where no solid angle in the figures is contained by more 
than three plane angles, that two solid figures are equal and similar which are 
contained by the same number of equal and similar faces, similarly arranged, 
the fact should have been proved. To do this, we have only to prove the 
proposition, given above in the note on xi. 21, that two trihedral angles are 
equal if the three fcue angles of the one are respectively equal to the three face 
angles in the other, and all are arranged in the same order, and then to prove 
equality by applying one figure to the other as is done by Simson in his 
proposition C. 

Application will also, of course, establish what is assumed by Euclid of 
the solids formed by the multiples of the original solids, namely that, if 
NF, the solid the solid NU. 


Proposition 26. 

On a given straight line, and at a given point on it, to 
construct a solid angle equal to a given solid angle. 

Let AB be the given straight line, A the given point on 
it, and the angle at D, contained by the angles EDC, EDF, 
FDC, the given solid angle ; 

thus it is required to construct on the straight line AB, and at 
the point A on it, a solid angle equal to the solid angle at D. 



For let a point F be taken at random on DF, 
let FG be drawn from F perpendicular to the plane through 
ED, DC, and let it meet the plane at G, [xi. n] 

let DG be joined, 

let there be constructed on the straight line AB and at the 
point A on it the angle BAL equal to the angle EDC, and 
the angle BAK equal to the angle EDG, [1. 23] 

let AK be made equal to DG, 
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let KH be set up from the point K at right angles to the 
plane through BA, AL, [xi. 12] 

let KH be made equal to GF, 
and let HA be joined ; 

I say that the solid angle at^, contained by the angles BAL, 
BAH, HAL is equal to the solid angle at D contained by 
the angles EDC, EDF, FDC. 

For let AB, DE be cut off equal to one another, 
and let HB, KB, FE, GE be joined. 

Then, since FG is at right angles to the plane of reference, 
it will also make right angles with all the straight lines which 
meet it and are in the plane of reference ; [xi. Def. 3] 

therefore each of the angles FGD, FGE is right. 

For the same reason 

each of the angles HKA, HKB is also right. 

And, since the two sides KA, AB are equal to the two 
sides GD, DE respectively, 

and they contain equal angles, 

therefore the base KB is equal to the base GE. [i. 4] 

But KH is also equal to GF, 
and they contain right angles ; 

therefore HB is also equal to FE. [i. 4] 

Again, since the two sides AK, KH are equal to the two 
sides DG, GF, 

and they contain right angles, 

therefore the base AH is equal to the base FD. [i. 4] 

But AB is also equal to DE ; 

therefore the two sides HA, AB are equal to the two sides 
DF, DE. 

And the base HB is equal to the base FE ; 
therefore the angle BAH is equal to the angle EDF. [i. 8] 

For the same reason 

the angle HAL is also equal to the angle FDC. 

And the angle BAL is also equal to the angle EDC. 
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Therefore on the straight line AB, and at the point A on 
it, a solid angle has been constructed equal to the given solid 
angle at D. 

Q. E. F. 

This proposition again assumes the equality of two trihedral angles which 
have the three plane angles of the one respectively equal to the three plane 
angles of the other taken in the same order. 


Proposition 27. 

On a given straight line to describe a parallelepipedal solid 
similar and similarly situated to a given parallelepipedal solid. 

Let AB be the given straight line and CD the given 
parallelepipedal solid ; 

thus it is required to describe on the given straight line AB 
a parallelepipedal solid similar and similarly situated to the 
given parallelepipedal solid CD. 


D 



For on the straight line AB and at the point A on it let 
the solid angle, contained by the angles HAK, KAB, 

be constructed equal to the solid angle at C, so that the angle 
BAH is equal to the angle ECF, the angle BAK equal to 
the angle ECG, and the angle KAH to the angle GCE; 

and let it be contrived that, 
as EC is to CG, so is BA to AH, 

and, as GC is to CE, so is HA to AH. [vi. 12] 

Therefore also, ex aequali, 

as EC is to CF, so is BA to AH. [v- 22] 

Let the parallelogram HB and the solid AL be completed. 

Now since, as EC is to CG, so is BA to AH, 
and the sides about the equal angles ECG, BAH are thus 
proportional. 
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therefore the parallelogram GE is similar to the parallelo- 
gram KB. 

For the same reason 

the parallelogram KH is also similar to the parallelogram GF, 
and further FE to HB ■, 

therefore three parallelograms of the solid CD are similar to 
three parallelograms of the solid AL. 

But the former three are both equal and similar to the 
three opposite parallelograms, 

and the latter three are both equal and similar to the three 
opposite parallelograms ; 

therefore the whole solid CD is similar to the whole solid ^Z.. 

[xi. Def. 9] 

Therefore on the given straight line AB there has been 
described AL similar and similarly situated to the given 
parallelepipedal solid CD. 

Q. E. F. 


Proposition 28. 

If a parallelepipedal solid be cut by a plane through the 
diagonals 0/ the opposite planes, the solid will be bisected by the 
plane. 

For let the parallelepipedal solid AB be cut by the plane 
CDEF through the diagonals CF, DE of 
opposite planes ; 

I say that the solid AB will be bisected by 
the plane CDEF. 

For, since the triangle CGF is equal 
to the triangle CFB, [i. 34] 

and ADE to DEH, 

while the parallelogram CA is also equal 
to the parallelogram EB, for they are opposite, 
and GE to CH, 

therefore the prism contained by the two triangles CGF, 
ADE and the three parallelograms GE, A C, CE is also equal 
to the prism contained by the two triangles CFB, DEH and 
the three parallelograms CH, BE, CE ; 
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for they are contained by planes equal both in multitude and 
in magnitude. [xi. Def. 10] 

Hence the whole solid AB is bisected by the plane CDEF. 

Q. E. D. 

Simson properly observes that it ought to be proved that the diagonals of 
two opposite faces are in one plane, before we speak of drawing a plane 
through them. Clavius supplied the proof, which is of course simple enough. 

Since CD are both parallel to AG or BJ/, they are parallel to one 
another. 

Consequently a plane can be drawn through CD, EF and the diagonals 
DE, CF are in that plane [xi. 7]. Moreover CD, EF are equal as well as 
parallel \ so that CF, DE are also equal and parallel. 

Simson does not, however, seem to have noticed a more serious difficulty. 
The two prisms are shown by Euclid to be contained by equal faces — the faces 
are in fact equal and similar — and Euclid then infers at once that the prisms 
are equal. But they are not equal in the only sense in which we have, at 
present, a right to speak of solids being equal, namely in the sense that they 
can be applied, the one to the other. They cannot be so applied because the 
faces, though equal respectively, are not similarly arranged ; consequently the 
prisms are symmetrical, and it ought to be proved that they are, though not 
equal and similar, equal in content, or equivalent, as Legendre has it. 

Legendre addressed himself to proving that the two prisms are equivalent, 
and his method has been adopted, though his 
name is not mentioned, by Schultze and Seven- 
oak and by Holgate. Certain preliminary pro- 
positions are necessary. 

1. The sections of a prism made by parallel 
planes cutting all the lateral edges are equal 
polygons. 

Suppose a prism MN owt by parallel planes 
which make sections ABCDE, A' B' C IP E', 

NowAB, BC, CD , . . . are respectively parallel 
to A'B', B' C, cry , .... [xi. 1 6 j 

Therefore the angles ABC, BCD, ... are 
equal to the angles ABC, BCDl , ... respec- 
tively. [ xi . 10] 

Also AB, BC, CD , ... are respectively equal 
to AB\BC, cry ,,.,. [1.34] 

Thus the polygons ABCDE, ABC DIE' are equilateral and equiangular 
to one another. 

2. 7^0 prisms are equal when they have a solid angle in each contained by 
three faces equal each to each and similarly arranged. 

Let the faces ABCDE, AG, AL be equal and similarly placed to the 
faces ABCDE, AC, AB. 

Since the three plane angles at A, A are equal respectively and are 
similarly placed, the trihedral angle at A is equal to. the trih^ral angle at A\ 

[{3) in note to xi. 21] 
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Place the trihedral angle at A on that at A\ 

Then the face ABCDE coincides with the face A'B'C'J 7 £\ the face AG 
with the face A'G', and the face AL with the face A'L\ 

The point C falls on C' and E on D\ 



Since the lateral edges of a prism are parallel, CH will fall an OH , and 
DK on 

And the points Fj Gj L coincide respectively with F\ G\ L\ so that 
the planes GK, G K' coincide. 

Hence H K coincide with K' respectively. 

Thus the prisms coincide throughout and are equal. 

In the same way we can prove that two truncated prisms with three faces 
forming a solid angle related to one another as in the above proposition are 
identically equal. 

In particular, 

Cor. T2V0 right prisms having equal bases and equal heights are equal, 

3. An oblique prism is equivalent to a right prism whose base is a right 
section of the oblique prism and whose 
height is equal to a lateral edge of the 
oblique prism. 

Suppose GL to be a right section of 
the oblique prism AD\ and let GL' be 
a right prism on GL as base and with 
height equal to a lateral edge of AD' . 

Now the lateral edges of GL' are 
equal to the lateral edges of AD' . 

Therefore AG = A'G', BH-^BH', 

CX= OK', etc. 

Thus the faces AH^ CL are 

equal respectively to the faces A'H', 

HK', CD. 

Therefore [by the proposition 
above] 

(truncated prism AL) = (truncated 
prism A'D). 

Subtracting each from the whole solid AD^ we see that 
the prisms AD', GL' are equivalent. 
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Now suppose the parallelepiped of Euclid’s proposition to be cut by the 
plane through A Gy DF, 

Let KLMNht a right section of the parallelepiped 
cutting the edges A By BCy GFy HE. 

Then KLMN is a parallelogram; and, if the 
diagonal KM be drawn, 

l\KLM^l\MNK 

Now the prism of which the As ABGy DCF dixe 
the bases is equal to the right prism on A KLM as 
base and of height AD. 

Similarly the prism of which the As AGHy DFE 
are the bases is equal to the right prism on AMNK 
as base and with height AD. [( 3 ) above] 

And the right prisms on As KLMy MNK as bases and of equal height 
AD are equal. [(2), Cor. above] 

Consequently the two prisms into which the parallelepiped is divided are 
equivalent. 



Proposition 29. 

Parallelepipedal solids which are on the same base and of 
the same heighty and in which the extremities of the sides which 
stand up are on the same straight lineSy are equal to one 
another. 


Let CMy CN be parallelepipedal solids on the same base 
AB and of the same height, 

and let the extremities of their ^ ^ h k 

sides which stand up, namely \ i\ 

AG, AF, LM. LN.CD, CE. \ fV* 

be on the same Straight \V \\ 

lines A 7 V, ZJAT; \\ \\ 

I say that the solid CM is equal \\c \Mr 

to the solid CN. NH 

For, since each of the figures A l 

CH, CK is a parallelogram, CB 

is eqOal to each of the straight lines DH, EK , [i- 34] 

hence DH is also equal to EK. 

Let EH be subtracted from each ; 
therefore the remainder DE is equal to the remainder HK. 

Hence the triangle DCE is also equal to the triangle 
HBK, [I- 8 , 4] 

and the parallelogram DG to the parallelogram HN. [i. 36] 
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For the same reason 

the triangle AFG is also equal to the triangle MLN. 

But the parallelogram C/^is equal to the parallelogram BM^ 
and CG to BN, for they are opposite ; 

therefore the prism contained by the two triangles DCE 

and the three parallelograms AD, DG, CG is equal to the 
prism contained by the two triangles MLN, HBK and the 
three parallelograms BM, HN, BN. 

Let there be added to each the solid of which the 
parallelogram AB is the base and GEHM its opposite ; 
therefore the whole parallelepipedal solid CM is equal to the 
whole parallelepipedal solid CN. 

Therefore etc. 

Q. E. D. 


As usual, Euclid takes one case only and leaves the reader to prove for 
himself the two other possible cases shown in the subjoined figures. Euclid’s 
proof holds with a very slight change in each case. With the first figure, the 



only difference is that the prism of which the As GAL, ECB are the bases 
takes the place of “the solid of which the parallelogram AB is the base and 
GEHM its opposite”; while with the second figure we have to subtract the 
prisms which are proved equal successively from the solid of which the 
parallelogram is the base and FDKN its opposite. 

Simson, as usual, suspects mutilation by “ some unskilful editor,” but gives 
a curious reason why the case in which the two parallelograms opposite to 
AB have a side common ought not to have been omitted, namely that this 
case “is immediately deduced from the preceding 28th Prop which seems for 
this purpose to have been premised to the 29th.” But, apart from the fact that 
Euclid’s Prop. 28 does not prove the theorem which it enunciates (as we have 
seen), that theorem is not in the least necessary for the proof of this case of 
Prop. 29, as Euclid’s proof applies to it perfectly well. 


Proposition 30. 

Parallelepipedal solids which are on the same base and of 
the same height, and in which the extremities of the sides which 
stand up are not on the same straight lines, are equal to one 
another. 
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Let CM, CN be parallelepipedal solids on the same base 
AB and of the same height, 
and let the extremities of their 
sides which stand up, namely 
AF, AG, LM, LN, CD, CE, 

BH,. BK, not be on the same 
straight lines ; 

I say that the solid CM is 
equal to the solid CN. 

For let NK, DH be pro- 
duced and meet one another 
at R, 

and further let FM, GE be 
produced to /*, Q', 
let AO, LP, CQ, BR be joined. 

Then the solid CM, of which the parallelogram ACBL is 
the base, and FDHM its opposite, is equal to the solid CP, 
of which the parallelogram A CBL is the base, and OQRP its 
opposite ; 

for they are on the same base A CBL and of the same height, 
and the extremities of their sides which stand up, namely AF, 
AO, LM, LP, CD, CQ, BH, BR, are on the same straight 
lines FP, DR. [xi. 29] 

But the solid CP, of which the parallelogram ACBL is 
the base, and OQRP its opposite, is equal to the solid CN, 
of which the parallelogram A CBL is the base and GEKN its 
opposite ; 

for they are again on the same base A CBL and of the same 
height, and the extremities of their sides which stand up, 
namely AG, AO, CE, CQ, LN, LP, BK, BR, are on the 
same straight lines GQ, NR. 

Hence the solid CM is also equal to the solid CN. 

Therefore etc. 

Q. E. D. 

This proposition completes the proof of the theorem that 

Tioo parallelepipeds on the same base and of the same height are equivalent. 

Legendre deduced the useful theorem that 

Every parallelepiped can be changed into an equivalent rectangular parallele- 
piped having the same height and an equivalent base. 

For suppose we have a parallelepiped on the base ABCD with EFGH for 
the opposite face. 
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Draw A/, BK^ CL^ DM perpendicular to the plane through EFGH and 
all equal to the height of the parallelepiped A G. Then, on joining /AT, KL,^ 
LM^ MI, we have a parallelepiped equivalent to the original one and having 
its lateral faces AK^ BL^ CM, DI rectangles. 



If ABCD is not a rectangle, draw AO, DN'm the plane AC perpendicu- 
lar to BC, and IP, MQ in the plane IL perpendicular to KD 

Joining OP, NQ, we have a rectangular parallelepiped on AOND as base 
which is equivalent to the parallelepiped with ABCD as base and IKLM as 
opposite face, since we may regard these parallelepipeds as being on the same 
base ADMIdiud of the same height (AO). 

That is, a rectangular parallelepiped has been constructed which is 
equivalent to the given parallelepiped and has (i) the same height, (2) an 
equivalent base. 

The American text-books which I have quoted adopt a somewhat different 
construction shown in the subjoined figure. 



The edges AB, DC, EF, HG of the original parallelepiped are produced 
and cut at right angles by two parallel planes at a distance apart A' B equal 
to AB. 

Thus a parallelepiped is formed in which all the faces are rectangles except 

AH\ BG\ 
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Next produce I/A', C'JBf, G'Fy H'E and cut them perpendicularly by two 
parallel planes at a distance apart B'C equal to BC. 

The points of section determine a rectan^lar parallelepiped. 

The equivalence of the three parallelepipeds is proved, not by Eucl. xi. 
29, 30, but by the proposition about a right section of a prism given above in 
the note to xi. 28 (3 in that note). 


Proposition 31. 

Parallelepipedal solids which are on equal bases and of the 
same height are equal to one another. 

Let the parallelepipedal solids AE, CF, of the same height, 
be on equal bases AB, CD. 

I say that the solid AE is equal to the solid CF. 




First, let the sides which stand up, UK, BE, AG, LM, 
PQ, DF, CO, RS, be at right angles to the bases AB, CD ; 
let the straight line RT produced in a straight line 
with CR : 

on the straight line RT, and at the point R on it, let the 
angle 77?C/be constructed equal to the angle ALB, [i. 23 ] 
let RT be made equal to AL, and RU equal to LB, 
and let the base R IV and the solid XD he completed. 

Now, since the two sides TR, RU are equal to the two 
sides AL, LB, 

and they contain equal angles, 

therefore the parallelogram RfV is equal and similar to the 
parallelogram HL. 

Since again AL is equal to RT, and LM to RS, 
and they contain right angles, 


H. E. III. 


22 
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therefore the parallelogram RX is equal and similar to the 
parallelogram AM. 

For the same reason 
LE is also equal and similar to ; 

therefore three parallelograms of the solid AE are equal and 
similar to three parallelograms of the solid XU. 

But the former three are equal and similar to the three 
opposite, and the latter three to the three opposite ; [xi. 24] 
therefore the whole parallelepipedal solid AE \?> equal to the 
whole parallelepipedal solid XU. [xi. Def. 10] 

Let DR, WU be drawn through and meet one another 
at Y, 

let aTb be drawn through T parallel to DY, 

let PD be produced to a, 

and let the solids YX, RI be completed. 

Then the solid X Y, of which the parallelogram RX i§ the 
base and Kr its opposite, is equal to the solid XU of which 
the parallelogram RX is the base and U V its opposite, 
for they are on the same base RX and of the same height, and 
the extremities of their sides which stand up, namely RY, RU, 
Tb, TW, Se, Sd, Xc, XV, are on the same straight lines 
YW, eV. [XI. 29] 

But the solid XU equal to A E •, 

therefore the solid .YK is also equal to the solid AE. 

And, since the parallelogram RUWT is equal to the 
parallelogram YT, 

for they are on the same base RT and in the same parallels 
RT, YW, [I. 35] 

while RUWT is equal to CD, since it is also equal to AB, 
therefore the parallelogram YT is also equal to CD. 

But DT IS another parallelogram ; 
therefore, as the base CD is to DT, so is YT to DT. [v. 7] 

And, since the parallelepipedal solid Cl has been cut by 
the plane RE which is parallel to opposite planes, 
as the base CD is to the base DT, so is the solid CF to the 
solid RI. [xi. 25] 
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For the same reason, 

since the parallelepipedal solid YI has been cut by the plane 
RX which is parallel to opposite planes, 

as the base KT’ is to the base TD, so is the solid YX to the 
solid R/. [xi. 25] 

But, as the base CZ? is to Z?/’, so is YT to DT\ 

therefore also, as the solid CF is to the solid Rl, so is the 
solid YX to RI. [v. ii] 

Therefore each of the solids CF, YX has to RI the same 
ratio ; 

therefore the solid CF is equal to the solid YX. [v. 9] 

But YX was proved equal to AF ; 
therefore AE is also equal to CF. 


Next, let the sides standing up, AG, HK, BE, LM, CN, 
PQ, DF, RS, not be at right angles to the bases AB, CD ; 

I say again that the solid AE is equal to the solid CF. 



For from the points X, E, G, M, Q, F, N, S let KO, ET, 
GU, MV, QW, FX, NY, SI be drawn perpendicular to the 
plane of reference, and let them meet the plane at the points 
O, T, U, V, W, X, Y, I, 

and let OT, OU, UV, TV, WX, WY, YI, IX be joined. 
Then the solid KV is equal to the solid QI, 

for they are on the equal bases KM, QS and of the same 
height, and their sides which stand up are at right angles to 
their bases. [First part of this Prop.] 

But the solid KV is equal to the solid AE, 
and QI to CF-, 

for they are on the same base and of the same height, while 
the extremities of their sides which stand up are not on the 
same straight lines. [xi- 3°] 


22 — 2 
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Therefore the solid AE is also equal to the solid CF. 
Therefore etc. 

Q. E. D. 


It is interesting to observe that, in the figure of this proposition, the basea 
are represented as lying “ in the plane of the paper,” as it were, and the third 
dimension as “standing up” from that plane. The figure is that of the 
manuscript P slightly corrected as regards the solid r 1 • 

Nothing could well be more ingenious than the proof of this proposition, 
which recalls the brilliant proposition i. 44 and the proofs of vi. 14 and 23. 

As the proof occupies considerable space in the text, it will no doubt be 
well to give a summary. 


I. First, suppose that the edges terminating at the angular points of the 
bases are perpendicular to the bases. , . , . 

AB, CD being the bases, Euclid constructs a solid identically equal to 
AE (he might simply have nurved AE itself), placing it so that RS is the edge 
corresponding to HK (RS= HK because the heights are equal), and the face 
RX corresponding to HE is in the plane of CS. , 

The faces CD, R W are in one plane because both are perpendicular to 

RS. Thus meet, if produced, in F say. 

Complete the parallelograms YT, DT and the solids YX, BJ. 

Then (solid YX) = (solid UX), 

because they are on the same base ST and of the same height. [xi. 29] 

Also, Cl, YI being parallelepipeds cut by planes RF, RX parallel to pairs 
of opposite faces respectively, 

(solid CF) : (solid RI)=inCD-.[=J DT, [xi. 25] 

and (solid YX) : (solid RI)^U YT-.U DT. 

But [i. 3 S] ^ YT^a UT 

^CJAB 


-CJCV, by hypothesis. 

Therefore (solid CB) = (solid YX) 

= (solid UX) 

= (solid AE). 

II. If the edges terminating at the base are not perpendicular to it, turn 
each solid into an equivalent one on the same base with edges perpendicular 
to it (by drawing four perpendiculars from the angular points of the base to 
the plane of the opposite face), (xi. 29, 30 prove the equivalence.) 

Then the equivalent solids are equal, by Part i.; so that the original solids 

are also equal. 

Simson observes that Euclid has made no mention of the case in which 
the bases of the two solids are equiangular, and he prefixes this case to Bart i. 
in the text. This is surely unnecessary, as Part i. covers it well enough : the 
only difference in the figure is that UW would coincide with Yb and dV 

with ec. , • r r» ^ V • 4. 

Simson further remarks that in the demonstration of Part ii. it 
proved that the new solids constructed in the manner described are parallele- 
pipeds. The proof is, however, so simple that it scarcely needed insertion 
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into the text. He is correct in his remark that the words “while the 
extremities of their sides which stand up are not on the same straight lines ** 
just before the end of the proposition would be better absent, since they majf 
be “ on the same straight lines. 


Proposition 32. 

Parallelepipedal solids which are of the same height are to 
one another as their bases. 

Let AB, CD be parallelepipedal solids of the same height; 
[ say that the parallelepipedal solids AB, CD are to one 
another as their bases, that is, that, as the base AE is to the 
base CF, so is the solid AB to the solid CD. 



For let FH equal to A E he applied to FG, [i. 4S] 

and on FI/ as base, and with the same height as that of CD, 
let the parallelepipedal solid GJC be completed. 

Then the solid AB is equal to the solid GK ; 
for they are on equal bases AE, FH and of the same height. 

[xi. 3*1 


And, since the parallelepipedal solid CK is cut by the plane 
DG which is parallel to opposite planes, 
therefore, as the base CF is to the base FH, so is the solid 
CD to the solid DH. [xi. 25] 

But the base FH is equal to the base AE, 
and the solid GK to the solid AB\ 

therefore also, as the base AE is to the base CF, so is the 
solid AB to the solid CD. 

Therefore etc. 

Q. E. D. 

As Clavius observed, Euclid should have said, in applying the parallelo- 
gram FIf to FGj that it should be applied “ in the angle FGH equal to the 
angle LCG.’’ Simson is however, I think, hypercritical when he states as 
regards the completion of the solid GK that it ought to be said, “complete 
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the solid of which the base is FH, and one of tis insisting straight lines is FD. 
Surely, when we have two faces DG, FH meeting in an edge, to say 'complete 
the solid” is quite sufficient, though the words “on FH as base” might 
perhaps as well be left out. The same “completion” of a parallelepipedal 
solid occurs in xi. 31 and 33. 


Proposition 33. 

Similar parallelepipedal solids are to one another in the 
triplicate ratio of their corresponding sides. 

Let AB, CD be similar parallelepipedal solids, 
and let AE be the side corresponding to CF-, 

I say that the solid AB has to the solid CD the ratio triplicate 
of that which AE has to CF. 




For let EK, EL, EM be produced in a straight line with 
AE, GE, HE, 

let EK be made equal to CF, EL equal to FN, and further 
EM equal to FR, 

and let the parallelogram KL and the solid KP be completed. 

Now, since the two sides KE, EL are equal to the two 
sides CF, FN, 

while the angle KEL is also equal to the angle CFN, 
inasmuch as the angle AEG is also equal to the angle CFN 
because of the similarity of the solids AB, CD, 
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therefore the parallelogram KL is equal < and similar > to the 
parallelogram CN. 

For the same reason 

the parallelogram KM is also equal and similar to CR, 
and further EP to DF\ 

therefore three parallelograms of the solid KP are equal and 
similar to three parallelograms of the solid CD. 

But the former three parallelograms are equal and similar 
to their opposites, and the latter three to their opposites ; [xi. 24] 
therefore the whole solid KP is equal and similar to the whole 
solid CD. [xi. Def. 10] 

Let the parallelogram GK be completed, 
and on the parallelograms GK, KL as bases, and with the 
same height as that of AB, let the solids EO, LQ be 
completed. 

Then since; owing to the similarity of the solids AB, CD, 
as A E is to CE, so is .£’ 6 ^ to EN, and EH to ER, 
while CE is equal to EK, EN to EL, and ER to EM, 
therefore, as A E is to EK, so is GE to EL, and HE to EM. 

But, as A E is to EK, so is AG to the parallelogram GK, 
as GE is to EL, so is GK to KL, 

and, as HE is to EM, so is QE to KM •, [vi. i] 
therefore also, as the parallelogram <7 is to GK, so is GK 
to KL, and QE to KM. 

But, as AG is to GK, so is the solid AB to the solid .£'(?, 
as GK is to KL, so is the solid OE to the solid QL, 
and, as QE is to KM, so is the solid QL to the solid KP ; 

[XI. 32] 

therefore also, as the solid AB is to EO, so is EO to QL, and 
QL to KP. 

But, if four magnitudes be continuously proportional, the 
first has to the fourth the ratio triplicate of that which it has 
to the second ; [v. Def. 10] 

therefore the solid AB has to KP the ratio triplicate of that 
which AB has to EO. 

But, as AB is to EO, so is the parallelogram AG to GK, 
and the straight line AE to EK [vi, i] ; 
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hence the solid AB has also to KP the ratio triplicate of that 
which AE has to EK. 

But the solid KP is equal to the solid CD, 
and the straight line EK to CF\ 

therefore the solid AB has also to the solid CD the ratio 
triplicate of that which the corresponding side of it, AE, has 
to the corresponding side CF. 

Therefore etc. 

Q. E. D. 

PoRiSM. From this it is manifest that, if four straight 
lines be < continuously > proportional, as the first is to the 
fourth, so will a parallelepipedal solid on the first be to the 
similar and similarly described parallelepipedal solid on the 
second, inasmuch as the first has to the fourth the ratio 
triplicate of that which it has to the second. 


The proof may be summarised as follows. 

The three edges AE, GE, HE of the parallelepii>ed AB which meet at 
E, the vertex corresponding to R in the other parallelepiped, are produced, 
and lengths EK, EL, EM are marked off equal respectively to the edges CF, 
FN, FR of CD. 

The parallelograms and solids are then completed as shown in the figure. 

Euclid first shows that the solid CD and the new solid PK are equal and 
similar according to the criterion in xi. Def. lo, viz. that they are contained 
by the same number of equal and similar planes. (They are arranged in the 
same order, and it would be easy to prove equality by proving the equality of 
a pair of solid angles and then applying one solid to the other.) 

We have now, by hypothesis, 

AE : CF=EG : FN ^ EH ■. FR -, 
that is, AE : EK= EG -.EL^ EH : EM. 

But AE : EK=CJ AG -.CDGK, [vi. i] 

EG : EL^CJ GK -.CJ KL, 

EH : EM=CJ HK : O KM. 

Again, by xi. 25 or 32, 

CJAG-.CJ GK= (solid AB) : (solid EO), 

CJGK-.CJ KL = (solid EO) : (solid QL), 

CJHK :CJKM= (solid QL) : (solid KF). 

Therefore 

(solid AB) : (solid EO) = (solid EO) : (solid QL) = (solid QL) : (solid KP), 
or the solid AB is to the solid KP (that is, CD) in the ratio triplicate of that 
which the solid AB has to the solid EO, i.e. the ratio triplicate of that which 
AE has to EK (or CF). 

Heiberg doubts whether the Porism appended to this proposition is 
genuine. 



PROPOSITIONS 35, 34 


345 


33. 34] 


Simson adds, as Prop. D, a useful theorem which we should have expected 
to find here, on the analogy of vi. 23 following vi. 19, 20, viz. that Solid 
parallelepipeds contained by parallelograms equiangular to one another^ each to 
each^ that is, of which the solid angles are equals each to each^ have to one another 
the ratio compounded of the ratios of their sides. 

The proof follows the method of the proposition xi. 33, and we can use 
the same figure. In order to obtain one ratio between lines to represent the 
ratio compounded of the ratios of the sides, after the manner of vi. 23, we 
take any straight line a, and then determine three other straight lines b, c, d, 
such that 

AE : CF^a-.b, 

EG : FN^ b : 

EH -.FF^c.d, 

whence a : d represents the ratio compounded of the ratios of the sides. 

We obtain, in the same manner as above, 

(solid AB) : (solid EO) =- 0 ] AG GK AE \ EK^ AE : CF 

= a \ b, 

(solid EO) : (solid QL) =^[0 GK -.CJ KL ^ GE . EL GE \ FN 

-b\Cy 

(solid QL) : (solid KP) ^CJHK: O KM=EH. EM^ EH \ FR 

= c\dy 

whence, by composition [v. 22], 

(solid AB) : (solid KP) — a \ d^ 
or (solid AB) : (solid Cl)) - a\ d. 


Proposition 34. 

In equal parallelepipedal solids the bases are reciprocally 
proportional to the heights; and those parallelepipedal solids in 
which the bases are reciprocally proportional to the heights are 
equal. 

Let AB, CD be equal parallelepipedal solids ; 

I say that in the parallelepipedal solids AB, CD the bases are 
reciprocally proportional to the heights, 
that is, as the base EH is to the base NQ, so is the height 
of the solid CD to the height of the solid AB. 

First, let the sides which stand up, namely AG, EF, LB, 
HK, CM, NO, PD, QR, be at right angles to their bases ; 

I say that, as the base EH is to the base NQ, so is CM 
to A G. 

If now the base EH is equal to the base NQ, 
while the solid AB is also equal to the solid CD, 

CM will also be equal to A G. 
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For parallelepipedal solids of the same height are to 
one another as the bases ; [xi. 32] 

and, as the base EH is to NQ, so will CM be to A G, 
and it is manifest that in the parallelepipedal solids AB, CD 
the bases are reciprocally proportional to the heights. 

Next, let the base EH not be equal to the base NQ, 
but let EH be greater. 


R D 



Now the solid AB is equal to the solid CD ; 
therefore CM is also greater than A G. 

Let then CT'be made equal to AG, 
and let the parallelepipedal solid VC be completed on as 
base and with C 7 "as height. 

Now, since the solid AB is equal to the solid CD, 
and CV is outside them, 

while equals have to the same the same ratio, [v. 7] 

therefore, as the solid AB is to the solid CV, so is the solid 
CD to the solid CV. 

But, as the solid AB is to the solid CV, so is the base 
EH to the base NQ, 

for the solids AB, CV are of equal height ; [xi. 32] 

and, as the solid CD is to the solid CV, so is the base MQ to 
the base TQ [xi. 25] and CM to CT [vi. i] ; 
therefore also, as the base EH is to the base N Q, so is MC 
to CT. 

But CT is equal to AG -, 

therefore also, as the base EH is to the base N Q, so is MC 
to AG. 
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Therefore in the parallelepipedal solids AB, CD the bases 
are reciprocally proportional to the heights. 

Again, in the parallelepipedal solids AB, CD let the bases 
be reciprocally proportional to the heights, that is, as the base 
EH is to the base NQ, so let the height of the solid CD be 
to the height of the solid AB ; 

I say that the solid AB is equal to the solid CD. 

Let the sides which stand up be again at right angles to 
the bases. 

Now, if the base EH is equal to the base NQ, 
and, as the base EH is to the base NQ, so is the height of 
the solid CD to the height of the solid AB, 
therefore the height of the solid CD is also equal to the 
height of the solid AB. 

But parallelepipedal solids on equal bases and of the same 
height are equal to one another ; [xi. 31] 

therefore the solid AB is equal to the solid CD. 

Next, let the base EH not be equal to the base NQ, 
but let EH be greater ; 

therefore the height of the solid CD is also greater than the 

height of the solid AB, 

that is, CM is greater than A G. 

Let CT be again made equal to AG, 
and let the solid C V be similarly completed. 

Since, as the base EH is to the base NQ, so is MC 
to A G, 

while AG is equal to CT, 

therefore, as the base EH is to the base NQ, so is CM 
to CT. 

But, as the base EH is to the base NQ, so is the solid 
AB to the solid C V, 

for the solids AB, Cl^ are of equal height ; [xi. 32] 

and, as CM is to C T, so is the base MQ to the base Q T [vi. i] 
and the solid CD to the solid C V. [xi. 25] 

Therefore also, as the solid AB is to the solid CV, so is 
the solid CD to the solid C V ; 

therefore each of the solids AB, CD has to CE the same 
ratio. 
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Therefore the solid AB is equal to the solid CD. [v. 9] 

Now let the sides which stand up, FE, BL, GA, HK, 
ON, DP, MC, RQ, not be at right angles to their bases ; 
let perpendiculars be drawn from the points F, G, B, K, O, 
M, D, R to the planes through EH, NQ, and let them meet 
the planes at S, T, U, V, JV, X, V, a, 
and let the solids FF, Oa be completed ; 

I say that, in this case too, if the solids AB, CD are equal, 
the bases are reciprocally proportional to the heights, that is, 
as the base EH is to the base NQ, so is the height of the 
solid CD to the height of the solid AB. 



Since the solid AB \s equal to the solid CD, 
while AB is equal to BT, 

for they are on the same base FX and of the same height ; 

[xi. 39, 30] 

and the solid CD is equal to DX, 

for they are again on the same base RO and of the same 
height ; 

therefore the solid BT is also equal to the solid DX. 

Therefore, as the base FK is to the base OR, so is the 

height of the solid DX to the height of the solid BT. 

[Part 1.] 

But the base FR is equal to the base EH, 
and the base OR to the base N Q ; 

therefore, as the base EH is to the base NQ, so is the height 
of the solid DX to the height of the solid BT. 
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But the solids DX, BT and the solids DC, BA have the 
same heights respectively ; 

therefore, as the base EH is to the base NQ, so is the height 
of the solid DC to the height of the solid AB. 

Therefore in the parallelepipedal solids AB, CD the bases 
are reciprocally proportional to the heights. 

Again, in the parallelepipedal solids AB, CD let the bases 
be reciprocally proportional to the heights, 
that is, as the base EH is to the base NQ, so let the height 
of the solid CD be to the height of the solid AB ; 

I say that the solid AB equal to the solid CD. 

For, with the same construction, 
since, as the base EH is to the base NQ, so is the height of 
the solid CD to the height of the solid AB, 
while the base EH is equal to the base FK, 
and NQ to OR, 

therefore, as the base FK is to the base OR, so is the height 
of the solid CD to the height of the solid AB. 

But the solids AB, CD and BT, DX have the same 
heights respectively ; 

therefore, as the base FK is to the base OR, so is the height 
of the solid DX to the height of the solid BT. 

Therefore in the parallelepipedal solids BT, DX the bases 
are reciprocally proportional to the heights ; 
therefore the solid BTxs equal to the solid DX. [Part i.] 

But BT is equal to BA, 

for they are on the same base FK and of the same height ; 

[xi. 29, 30] 

and the solid DX is equal to the solid DC. [»V/.] 

Therefore the solid AB \s also equal to the solid CD. 

Q. E. D. 

In this proposition Euclid makes two assumptions which require notice, 
(i) that, if two parallelepipeds are equal, and have equal bases, their heights 
are equal, and (2) that, if the bases of two equal parallelepipeds are unequal, 
that which has the lesser base has the greater height. In justification of the 
former statement Euclid says, according to what Heiberg holds to be the 
genuine reading, “for parallelepipedal solids of the same height are to one 
another as their bases” [xi. 32]. This apparently struck some very early 
editor as not being sufficient, and he added the explanation appearing in 
Simson’s text, “ For if, the bases jEff, NQ being equal, the heights AG, CM 
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were not equal, neither would the solid AB^ be equal to CD. But it is by 
hypothesis equal. Therefore the height CAf is not unequal to the height -^4 6^; 
therefore it is equal.” Then, it being perceived that there ought not to be two 
explanations, the genuine one was erased from the inferior mss. While the 
interpolated explanation does not take us very far, the truth of the statement 
may be deduced with perhaps greater ease from xi. 31 than from xi. 32 
quoted by Euclid. For, assuming one height greater than the other, while the 
bases are equal, we have only to cut from the higher solid so much as will 
make its height equal to that of the other. Then this parf of the higher solid 
is equal to the whole of the other solid which is by hypothesis equal to the 
higher solid itself. That is, the whole is equal to its part : which is impossible. 

The genuine text contains no explanation of the second assumption that, 
if the base EH be greater than the base NQ, while the solids are equal, the 
height CM is greater than the height AG \ for the added words ‘‘ for, if not, 
neither again will the solids AB^ CD be equal ; but they are equal by 
hypothesis ” are no doubt interpolated. In this case the truth of the assurnp- 
tion is easily deduced from xi. 32 by reductio ad abstirdiim. If the height CM 
were equal to the height AG, the solid AB would be to the solid CD as the 
base EH is to the base NQ, i.e. as a greater to a less, so that the solids would 
not be equal, as they are by hypothesis. Again, if the height CM were less 
than the height AG^ we could increase the height of CD till it was equal to 
that of AB, and it would then appear that AB is greater than the heightened 
solid and a fortiori greater than CD : which contradicts the hypothesis. 

Clavius rather ingeniously puts the first assumption the other way, saying 
that, if the heights are equal in the equal parallelepipeds, the bases must be 
equal This follows directly from xi. 32, which proves that the parallelepipeds 
are to one another as their bases ; though Clavius deduces it indirectly from 
XI. 31. The advantage of Clavius^ alternative is that it makes the second 
assumption unnecessary. He merely says, if the heights be not equal, let CM 
be the greater, and then proceeds with Euclid’s construction. 

It is also to be observed that, when Euclid comes to the corresponding 
proposition for cones and cylinders [xii. 15], he begins by supposing the 
heights equal, inferring by xii. ii (corresponding to xi. 32) that, the solids 
being equal, the bases are also equal, and then proceeds to the case where the 
heights are unequal without making any preliminary inference about the 
bases. The analogy then of xii. 15, and the fact that he quotes xi. 32 here 
(which directly proves that, if the solids are equal, and also their heights, their 
bases are also equal), make Clavius’ form the more convenient to adopt. 

The two assumptions being proved as above, the proposition can be put 
shortly as follows. 

I. Suppose the edges terminating at the corners of the base to be per- 
pendicular to it. 

Then {a), if the base EH be equal to the base NQ, the parallelepipeds 
being also equal, the heights must be equal (converse of xi. 31), so that the 
bases are reciprocally proportional ta the heights, the ratio of the bases and 
the ratio of the heights being both ratios of equality. 

(b) If the base EH be greater than the base NQ, and consequently (by 
deduction from xi. 32) the height CM greater than the height AG, cut off 
CT from CJ/ equal to AG, and draw the plane Ty through 7 ’ parallel to the 
base NQ> making the parallelepiped CF, with CT AG) for its height. 

Then, since the solids AB, CD are equal, 

(solid AB ) : (solid CV) - (solid CD ) : (solid CV). [v. 7] 
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But (solid AB) : (solid CV)=U HE-.d NQ, [xi. 32] 

and (solid CD) : (solid CV) ^CJ MQ-.d TQ [xi. 25] 

= CM-.CT. [vi. i] 

Therefore d HE : d NQ = CM : C T 

= CM -.AG. 


Conversely {a), if the bases EH, HQ be equal and reciprocally proportional 
to the heights, the heights must be equal. 

Consequently (solid ^. 5 ) = (solid CD). [xi- 3 *] 

{h) If the bases EH, NQ be unequal, if, e.g. d EH >d NQ, 
then, since d EH : d NQ = CM : A G, 

CM>AG. 

Make the same construction as before. 

Then d EH-.d NQ = (solid AB) : (solid CV), [xi. 32] 

and CM-.AG^CM: CT 

^dMQ -.d TQ [vi. i] 

= (solid CD) : (solid CV). [xi. 25] 

Therefore 

(solid AB) : (solid CF) = (solid CD) : (solid CV), 
whence (solid AB) = solid CD. 9] 

II. Suppose that the edges terminating at the corners of the bases are not 
perpendicular to it. 

Drop perpendiculars on the bases from the corners of the faces opposite 
to the bases 

We thus have two parallelepipeds equal to AB, CD respectively, since 
they are on the same bases EK, RO and of the same height respectively. 

[xi. 29, 30] 

If then (i) the solid AB is equal to the solid CD, 

{soM BT) = {solid DX), 
and, by the first part of this proposition, 

d KF:d OR = MX-. GT, 
or d HE-.d NQ^MX-.GT. 

(2) If dHE-.dNQ^MX-.GT, 

then d KF'. d OR = MX : GT, 

so that, by the first half of the proposition, the solids BT, DX are equal, and 
consequently 

(solid = (solid CD). 


The text of the second part of the proposition four times contains, after 
the words “of the same height,” the words “in which the sides which stand 
up are not on the same straight lines.” As Simson observed, they are inept, 
as the extremities of the edges may or may not be “ on the same straight 
lines”; cf. the similar words incorrectly inserted at the end of xi. 31. 

Words purporting to quote the result of the first part of the proposition 
are also twice inserted; but they are rejected as unnecessary and as contaming 
an absurd expression— “(solids) in which the heights are at right angles to their 
bases,” as if the heights could be otherwise than perpendicular to the bases. 
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Proposition 35. 

If there be two equal plane angles, and on their vertices 
there be set up elevated straight lines containing equal angles 
with the original straight lines respectively, if on the elevated 
straight lines points be taken at random and perpendiculars be 
drawn from them to the planes in which the original angles 
are, and if from the points so arising in the planes straight 
lines be joined to the vertices of the original angles, they will 
contain, with the elevated straight lines, equal angles. 

Let the angles BA C, EDF be two equal rectilineal angles, 
and from the points A, D let the elevated straight lines A G, 
DM be set up containing, with the original straight lines, 
equal angles respectively, namely, the angle MDE to the 
angle GAB and the angle MDE to the angle GAC, 
let points G, M be taken at random on A G, DM, 
let GL, MN be drawn from the points G, M perpendicular to 
the planes through BA, AC and ED, DF, and let them meet 
the planes at L, N, 
and let LA, ND be joined ; 

I say that the angle GAL is equal to the angle MDN. 



Let AH he made equal to DM, 
and let HK be drawn through the point H parallel to GL. 

But GL is perpendicular to the plane through BA, AC ; 
therefore HK is also perpendicular to the plane through 
BA, AC. [xi. 8] 

From the points K, N let KC, NF, KB, NE be drawn 
perpendicular to the straight lines A C, DF, A B, DE, 
and let HC, CB, ME, EE be joined. 
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Since the square on HA is equal to the squares on HK, 
KA, 

and the squares on KC, CA are equal to the square on KA, 

[i- 47] 

therefore the. square on HA is also equal to the squares on 
HK, KC, CA. 

But the square on HC is equal to the squares on 
HK,KC-, [1.47] 

therefore the square on HA is equal to the squares on 
HC, CA, 

Therefore the angle HCA is right. [i. 48] 

For the same reason 
the angle DFM is aLso right. 

Therefore the angle ACH is equal to the angle DFM. 
But the angle HAC is also equal to the angle MDF. 
Therefore MDF, HAC are two triangles which have two 
angles equal to two angles respectively, and one side equal to 
one side, namely, that subtending one of the equal angles, 
that is, HA equal to MD ; 

therefore they will also have the remaining sides equal to the 
remaining sides respectively. [1. 26] 

Therefore AC in equal to DF. 

Similarly we can prove that AB is also equal to DE. 
Since then AC in equal to DF, and AB to DE, 
the two sides CA, AB are equal to the two sides FD, DE. 

But the angle CAB is also equal to the angle FDE ; 
therefore the base BC is equal to the base EF, the triangle to 
the triangle, and the remaining angles to the remaining 
angles ; [i- 4] 

therefore the angle A CB is equal to the angle DFE. 

But the right angle A CK is also equal to the right angle 
DFN-, 

therefore the remaining angle BCK is also equal to the 
remaining angle EFN. 

For the same reason 

the angle CBK is also equal to the angle FEN. 


H. E. III. 


23 



354 


BOOK XI 


[XI. 35 


Therefore BCK, EFN are two triangles which have two 
angles equal to two angles respectively, and one side equal to 
one side, namely, that adjacent to the equal angles, that is, 
BC equal to EF\ 

therefore they will also have the remaining sides equal to the 
remaining sides. [i- *6] 

Therefore CK is equal to FN. 

But A C is also equal to DF ; 

therefore the two sides AC, CK are equal to the two sides 
DF, FN-, 

and they contain right angles. 

Therefore the base AKxs equal to the base DN. [i. 4] 
And, since AH \s equal to DM, 
the square on AH is also equal to the square on DM. 

But the squares on AK, KH are equal to the square 
on AH, 

for the angle AKH is right ; [i. 47] 

and the squares on DN, NM are equal to the square 
on DM, 

for the angle DNM is right ; [i. 47] 

therefore the squares on AK, KH are equal to the squares 
on DN, NM ; 

and of these the square on AK is equal to the square on DN-, 
therefore the remaining square on KH is equal to the square 
on NM ', 

therefore HK is equal to MN. 

And, since the two sides HA, AK are equal to the two 
sides MD, DN respectively, 

and the base HK was proved equal to the base MN, 
therefore the angle HAK is equal to the angle MDN. [i. 8] 
Therefore etc. 

PoRiSM. From this it is manifest that, if there be two 
equal plane angles, and if there be set up on them elevated 
straight lines which are equal and contain equal angles with 
the original straight lines respectively, the perpendiculars 
drawn from their extremities to the planes in which are 
the original angles are equal to one another. 


Q. E. D. 
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This proposition is required for the next, where it is necessary to know 
that, if in two equiangular parallelepipeds equal angles, one in each, be 
contained by three plane angles respectively, one of which is an angle of the 
parallelogram forming the base in one parallelepiped, while its equal is likewise 
in the base of the other, and the edges in which the two remaining angles 
forming the solid angles meet are equals the parallelepipeds are of the same 
height. 

Bearing in mind the definition of the inclination of a straight line to a 
plane^ we might enunciate the proposition more shortly thus. 

If there be two trihedral angles identically equal to one another ^ corresponding 
edges in each are equally inclined to the planes through the other two edges 
respectively. 

The proof, which is necessarily somewhat long, may be summarised thus. 

It is required to prove that the angles GAL<, MDN in the figure are equal, 

M being any points on AG^ DM, and GL, MN perpendicular to the 
planes BAG, respectively. 

If AH \s^ made equal to DM, and HK is drawn in the plane GAL parallel 
to GL, 

HK is also perpendicular to the plane BA C. [xi. 8] 

Draw KB, KC perpendicular to AB, AC respectively and NE, NF 
perpendicular to DE, DF respectively, and complete the figures. 

Now(i) HA^=^HK^ + KA^ 

= HIP + KC^ + CA^ . [i. 47] 

= HC^ + CA^ 

Therefore l HCA = a right angle. 

Similarly l. MFD = a right angle. 

(2) As HAG, MDFheLwe therefore two angles equal and one side. 

Therefore A HA C = A MDF, and AC = DF [i. 26] 

(3) Similarly t\HAB = l\MDE, and AB ^ DE. 

(4) Hence As ABC, DEF are equal in all respects, so that BC-EF, 

and L ABC - l DEF, 

lACB^^DFE. 

(5) Therefore the complements of these angles are equal, 

i.e. lKBC=lNEF, 

and ^ KCB = u NFE. 

(6) The As KBC, NEFYvdMO. two angles equal and one side, and are 
therefore equal in all respects, so that 

KB = NE, 

KC=NF, 

(7) The right-angled triangles KAC, NDF vlxq equal in all respects, since 
AC-- DF [{2) above], KC = NF. 

Consequently AK=^ DN 

(8) In As HA K, MDN, 

HK^ + KA^ = HA^ 

-MD^, by hypothesis. 


23—2 
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Subtracting the equals 

we have I/IP = MN\ 

or HK^MN, 

(9) As HAKy MDIV Sire now equal in all respects, by i. 8 and i. 4, and 
therefore 

lHAK^lMDN, 

The Porism is merely a statement of the result arrived at in (8). 

Legendre uses, practically, the construction and argument of this propo- 
sition to prove the theorem given under (3) of the note on xi. 21 above that 
In two equal trihedral angles^ corresponding pairs of face angles include equal 
dihedral angles. This fact is readily deduced from the above proposition. 

Since [(i)] HC^ KC are both perpendicular to AC^ and MF^ both 
perpendicular to DF.^ the angles HCK, MFN are the measures of the 
dihedral angles between the planes HA C, BA C, and MDFj EDF respec- 
tively. [xi. Def. 6] 

By (6). KC=NF, 

and, by (8), HK^MN, 

while the angles HKC.^ MNF, both being right, are equal. 

Consequently the As HCA\ MFN equal in all respects, [i. 4] 

so that L HCK = ^ MFN 

Simson substituted a different proof of (i) in the above summary, as 
follows. 

Since HK is perpendicular to the plane BAQ the plane HBK^ passing 
through HKy is also perpendicular to the plane BAC. [xi. 18] 

And A By being drawn in the plane BAC perpendicular to BN, the 
common section of the planes HBKy BAC, is perpendicular to the plane 
HBK [xi. Def. 4], and is therefore perpendicular to every straight line 
meeting it in that plane [xi. Def. 3]. 

Hence the angle A BH is a right angle. 

I think Euclid’s proof much preferable to this with its references to 
definitions which are more of the nature of theorems. 


Proposition 36. 

If three straight lines be proportionaly the parallelepipedal 
solid formed out of the three is equal to the parallelepipedal 
solid on the mean which is equilfteraly but equiangular with 
the aforesaid solid. 

Let Ay By C be three straight lines in proportion, so that, 
as A is to By so is to C ; 

I say that the solid formed out of Ay By C is equal to the 
solid on B which is equilateral, but equiangular with the 
aforesaid solid. 

Let there be set out the solid angle at E contained by the 
angles DEGy GEFy FEDy 
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let each of the straight lines DE, GE, EE be made equal to 
B, and let the parallelepipedal solid EK be completed, 
let LM ht made equal to A, 

and on the straight line LM, and at the point L on it, let there 
be constructed a solid angle equal to the solid angle at E, 
namely that contained by NLO, OLM, MEN •, 

let LOh^ made equal to B, and LN equal to C. 



B 


c 

Now, since, as A is to B, so is B to C, 
while A is equal to LM, B to each of the straight lines LO, 
ED, and C to LN , 

therefore, as LM is to EE, so is DE to LN. 

Thus the sides about the equal angles NLM, DEF are 
reciprocally proportional ; 

therefore the parallelogram MN is equal to the parallelogram 
DF. [vi. 14] 

And, since the angles DEF, NLM are two plane recti- 
lineal angles, and on them the elevated straight lines LO, EG 
are set up which are equal to one another and contain equal 
angles with the original straight lines respectively, 
therefore the perpendiculars drawn from the points G, O to 
the planes through NL, LM and DE, EF are equal to one 
another ; [xi. 35, Por.] 

hence the solids LFl, EK are of the same height. 

But parallelepipedal solids on equal bases and of the same 
height are equal to one another ; [xi. 31] 

therefore the solid HL is equal to the solid EK. 

And LH is the solid formed out of A, B, C, and EK the 
solid on B ; 
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therefore the parallelepipedal solid formed out of A, B, ‘C is 
equal to the solid on B which is equilateral, but equiangular 
with the aforesaid solid. 

Q. E. D. 

The edges of the parallelepiped HL being respectively equal to A, B, C, 
and those of the equiangular parallelepiped KE being all equal to we 
regard MN (not containing the edge OL equal to B) as the base of the first 
parallelepiped, and consequently FD, equiangular to MN, as the base of KE. 

Then the solids have the same height. [xi. 35, For.] 

Hence (solid HL ) : (solid KE) = CD MN : O FD. [xi. 32] 

But, since A, B, C are in continued proportion, 

A-.B^B.C, 

or LM : EF= DE : LN. 

Thus the sides of the equiangular Os MN, FD are reciprocally pro- 
portional, whence 

nMN=nFD, [vi. 14] 

and therefore (solid HL)'= (solid KF^. 

Proposition 37. 

If four straight lines be proportional, the parallelepipedal 
solids on them which are similar and similarly described will 
also be proportional; and, if the parallelepipedal solids on them 
which are similar and similarly described be proportional, the 
straight lines will themselves also be proportional. 

Let AB, CD, EF, GHh^ four straight lines in proportion, 
so that, as AB is to CD, so is EFlo GH -, 
and let there be described on AB, CD, EF, GH the. similar 
and similarly situated parallelepipedal solids KA, LC, ME, 
NG-, 

I say that, as KA is to LC, so is ME to NG. 


N 



For, since the parallelepipedal solid KA is similar to LC, 
therefore KA has to LC the ratio triplicate of that which AB 
has to CD. [xi. 33] 
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For the same reason 

ME also has to NG the ratio triplicate of that which EF has 
to GH. [id.] 

And, as AE is to CD, so is EF to GH. 

Therefore also, as Aik is to LC, so is ME to NG. 

Next, as the solid AK \s to the solid LC, so let the solid 
ME be to the solid NG ; 

I say that, as the straight line AB is to CD, so is EF to GH. 

For since, again, KA has to Z,C the ratio triplicate of that 
which AB has to CD, [xi. 33] 

and ME also has to NG the ratio triplicate of that which EF 
has to GH, [id.] 

and, as NA is to LC, so is ME to NG, 
therefore also, as is to CD, so is EF to GH. 

Therefore etc. q f d 

In this proposition it is assumed that, if two ratios be equal, the ratio 
triplicate of one is equal to the ratio triplicate of the other and, conversely, 
that, if ratios which are the triplicate of two other ratios are equal, those other 
ratios are themselves equal. 

To avoid the necessity for these assumptions Simson adopts the alternative 
proof found in the MS. which Heiberg calls bj and also adopted by Clavius, 
who, however, gives Euclid’s proof as well, attributing it to Theon. The 
alternative proof proceeds after the manner of vi. 22, thus. 

Make AB^ CD, O, /’continuous proportionals, and also EF, GH, Q, R. 



Q R 


O P 

I. Then, since 

AB'.CD^EF', GH, 
we have, ex aequali, 

AB :F=EF:R, [v. 22] 

But (solid AR ) : (solid CL) = AB : F, 

[xi. 33 and For.] 

and (solid EAf ) : (solid GN) = EF: R. 

Therefore 

(solid AK ) : (solid CL) = (solid EM ) : (solid GN). 
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II. If the solids are proportional, take ST such that 
AB\CD^EF\ST, 

and on 57" describe the parallelepiped 5 F similar and similarly situated to 
either of the parallelepipeds EM^ GN. 

Then, by the first part, 

(solid AK) : (solid CL) = (solid EM) : (solid SV)j 
whence it follows that 

(solid GN)^ {^oMSV). 

But these solids are similar and similarly situated ; 
therefore their faces are similar and equal ; [xi. Def. 10] 

therefore the corresponding sides GH^ ST are equal. 

[For this inference cf. note on vi. 22. The equality of GH, S 7 ' may 
readily be proved by application of the two parallelepipeds to one another, 
since, being similar, they are equiangular.] 

Hence AB:CL> = EE: Gif. 

The text of the mss. has here a proposition which is as badly placed as it 
is unnecessary. If a plane be at right angles to a plane ^ and from any one of the 
points in one of the planes a perpendicular be drawn to the other plane^ the 
perpendimlar so drawn will fall on the common section of the planes. It is of 
the nature of a lemtaa to xii. 17, where 
alone the fact is made use of. Heiberg 
observes that it is omitted in b and that the 
copyist of P knew other texts which did not 
contain it. From these facts it is fairly con- 
cluded that the proposition was interpolated. 

The truth of it is of course immediately 
obvious by reductio ad absurdum. Let the plane CAD be perpendicular to 
the plane AB, and let a perpendicular be drawn to , the latter from any point 
E in the former. 

If it does not fall on AD^ the common section, let it meet the plane AB 
in E. 

Draw EG in A B perpendicular to AD, and join EG. 

Then EG is perpendicular to the plane CAD [xi. Def. 4], and therefore 
to GE [xi. Def. 3]. Therefore lEGE is right. 

Also, since EE is perpendicular to AB, 
the angle EEG is right. 

That is, the triangle EGE hdis two right angles : 
which is impossible. 



Proposition 38. 

If the sides of the opposite planes of a cube be bisected, and 
planes be carried through the points of section, the common 
section of the planes and the diameter of the cube bisect one 
another. 

For let the sides of the opposite planes C/s AH of the 
cube AF be bisected at the points N, O, Q, P, R, 
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and through the points of section let the planes KN, OR be 
carried ; 

let US be the common section of the planes, and DG the 
diameter of the cube AF. 

I say that UT \s equal to TS, and DT to TG. 

For let DU, UE, BS, SG be joined. 

Then, since DO is parallel to PE, 

the alternate angles DOU, UPE are equal to one another. 

[i. 29] 

And, since DO is equal to PE, and OU to UP, 
and they contain equal angles, 
therefore the base DU 1% equal to the base UE, 
the triangle DOU is equal to the triangle PUE, 
and the remaining angles are equal to the remaining angles ; 

[>• 4] 

therefore the angle OUD is equal to the angle PUE. 



For this reason DUE is a straight line. 

For the same reason, BSG is also a straight line, 
and BS is equal to SG. 


Now, since CA is equal and parallel to DB, 
while CA is also equal and parallel to EG, 
therefore DB is also equal and parallel to EG. 


[I. 14] 


[xi. 9] 
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And the straight lines DE, BG join their extremities ; 
therefore DE is parallel to BG. [•• 33 ] 

Therefore the angle EDT \s equal to the angle BGT, 
for they are alte’^nate ; [•• 29] 

and the angle DTU is equal to the angle GTS. fi. 15] 

Therefore DTU, GTS are two triangles which have two 
angles equal to two angles, and one side equal to one side, 
namely that subtending one of the equal angles, that is, DU 
equal to GS, 

for they are the halves of DE, BG ; 

therefore they will also have the remaining sides equal to the 
remaining sides. [i- 26] 

Therefore DT is equal to TG, and UT fo TS. 

Therefore etc. 

Q. E. D. 

Euclid enunciates this proposition of a cube only, though it is true of any 
parallelepiped, no doubt because its truth for a cube is all that was wanted for 
the only proposition where it is needed, viz. xiii. 17. 

Siinson remarks that it should be proved that the straight lines bisecting 
the corresponding opposite sides of opposite planes are in one plane. This is, 
however, clear because e.g. since DK, CL are equal and parallel, KL is equal 
and parallel to CD. And, since KL, AB are both parallel to DC, KL is 

parallel to AB. And lastly, since KL, MN&re both parallel to AB, KL is 

parallel to MN axxA therefore in one plane with it. 

The essential thing to be proved is that the plane passing through the 
opposite edges DB, EG passes through the straight line US, since, only if 
this be the case, can US, DG intersect one another. 

To prove this we have only to prove that, if DU, UE and BS, SG be 
joined, DUE and BSG are both straight lines. 

Now, since DO is parallel to PE, 

lDOU=lEPU. 

Thus, in the As DUO, EUP, two sides DO, OU are equal to two sides 
EP, PU, and the included angles are equal. 

Therefore C\DUO = aEUP, 

DU^ UE, 

and lDUO = lEUP, 

so that DUE is a straight line, bisected at U. Similarly BSG is a straight 
line, bisected at S. 

Thus the plane through DB, EG {DB, EG being equal and parallel) 
contains the straight lines DUE, BSG (which are therefore equal and parallel 
also) and also [xi. 7] the straight lines US, DG (which accordingly intersect). 

In As DTU, GTS, the angles UDT, SGT equal (being alternate), 
and the angles UTD, STG are also equal (being vertically opposite), while 
D U (half of DE) is equal to GS (half of BG). 
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Therefore [i. 26] the triangles DTU, GTS are equal in all respects, so that 

DT= TG, 

UT= TS. 


Proposition 39. 

// there be two prisms of equal height, and one have a 
parallelogram as base and the other a triangle, and if the 
parallelogram be double of the triangle, the prisms will be 
equal. 

Let ABCDEF, GHKLMN be two prisms of equal 
height, 

let one have the parallelogram A Fas base, and the other the 
triangle GHK, 

and let the parallelogram AFh^ double of the triangle GHK', 
I say that the prism ABCDEF is equal to the prism 
GHKLMN. 


o 


e F 


For let the solidsw 4 (?, GP be completed. 

Since the parallelogram ^ 4 /^ is double of the triangle GHK, 
while the parallelogram HK is also double of the triangle 
GHK, [1. 34] 

therefore the parallelogram AE is equal to the parallelogram 
HK. 

But parallelepipedal solids which are on equal bases and 
of the same height are equal to one another ; [xi. 31] 

therefore the solid AO is equal to the solid GP. 

And the prism ABCDEF is half of the solid AO, 
and the prism GHKLMN is half of the solid GP ; [xi. 28] 
therefore the prism ABCDEF is equal to the prism 
GHKLMN. 

Therefore etc. 




Q. E. D. 




364 BOOK XI [xi. 39 

This proposition is made use of in xii. 3, 4. The phraseology is interest- 
ing because we find one of the parallelogrammic faces of one of the triangular 
prisms called its base, and the perpendicular on this plane from that vertex of 
either triangular face which is not in this plane the height. 

The proof is simple because we have only to complete parallelepipeds 
which are double the prisms respectively and then use xi. 31. It has to be 
borne in mind, however, that, if the parallelepipeds are not rectangular, the 
proof in xi. 28 is not sufficient to establish the fact that the parallelepipeds 
are double of the prisms, but has to be supplemented as shown in the note on 
that proposition, xii. 4 does, however, require the theorem in its general 
form. 
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HISTORICAL NOTE. 

The predominant feature of Book xii. is the use of the method of 
exhaustion^ which is applied in Propositions 2, 3 — 5, 10, ii, 12, and (in a 
slightly different form) in Propositions 16 — t 8. We conclude therefore that 
for the content of this Book Euclid was greatly indebted to Eudoxus, to whom 
the discovery of the method of exhaustion is attributed. The evidence for 
this attribution comes mainly from Archimedes, (i) In the preface to On 
the Sphere and Cylinder i., after stating the main results obtained by himself 
regarding the surface of a sphere or a segment thereof, and the volume and 
surface of a right cylinder with height equal to its diameter as compared with 
those of a sphere with the same diameter, Archimedes adds : ‘‘ Having now 
discovered that the properties mentioned are true of these figures, I cannot 
feel any hesitation in setting them side by side both with my former investiga- 
tions and with those of the theorems of Eudoxus on solids which are held to be 
most irrefragably established, namely that any pyramid is one third part of the 
prism which has the same base with the pyramid and equal height [i.e. Eucl. 
XII. 7], and that any cone is one third part of the cylinder which has the same 
base with the cone and equal height [i.e. Eucl. xii. 10]. For, though these 
properties also were naturally inherent in the figures all along, yet they were 
in fact unknown to all the many able geometers who lived before Eudoxus 
and had not been observed by any one.^^ (2) In the preface to the treatise 
known as the Quadrature of the Parabola Archimedes states the “ lemma 
assumed by him and known as the “Axiom of Archimedes’^ (see note on x. i 
above) and proceeds : “ Earlier geometers (ol wp 6 T€pov ycw^tcrpat) have also 
used this lemma; for it is by the use of this same lemma that they have 
shown that circles are to one another in the duplicate ratio of their diameters 
[Eucl. XII. 2], and that spheres are to one another in the triplicate ratio of their 
diameters [Eucl. xii. 18], and further that ei^ery pyramid is one third part of the 
prism which has the same base with the pyramid and equal height [Eucl. xii. 7] ; 
also, that every cone is one third part of the cylinder which has the same base 
with the coru and equal height [Eucl. xii. 10] they proved by assuming a certain 
lemma similar to that aforesaW^ Thus in the first passage two theorems of 
Eucl. XII. are definitely attributed to Eudoxus ; and, when Archimedes says, 
in the second passage, that “ earlier geometers ” proved these two theorems 
by means of the lemma known as the “Axiom of Archimedes” and of a 
lemma similar to it respectively, we can hardly suppose him to be alluding to 
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any other proof than that given by Eudoxus. As a matter of fact, the lemma 
used by Euclid to prove both propositions (xii. 3 — 5 and 7, and xii. 10) is the 
theorem of Eucl. x. i. As regards the connexion between the two ** lemmas” 
see note on x. i. 

We are not, however, to suppose that none of the results obtained by 
the method of exhaustion had been discovered before the time of Eudoxus 
(fl. about 368 — 5 B.C.). Two at least are of earlier date, those of Eucl. xii. 2 
and XII. 7. 

(a) Simplicius {Comment, in Aristot, Phys. p. 61, ed. Diels) quotes 
Eudemus as saying, in his History of Geometry^ that Hippocrates of Chios 
(fl. say 430 B.c.) first laid it down {IS€to) that similar segments of circles are 
in the ratio of the squares on their bases and that he proved this (cScikwcv) by 
proving (ck toO Sct^at) that the squares on the diameters have the same ratio 
as the (whole) circles. We know nothing of the method by which Hippo- 
crates proved this proposition; but, having regard to the evidence from 
Archimedes quoted above, it is not permissible to suppose that the method 
was the fully developed method of exhaustion as we know it. 

{f) As regards the two theorems about the volume of a pyramid and of 
a cone respectively, which Eudoxus was the first to prove, we now have 
authentic evidence in the short treatise by Archimedes discovered by Heiberg 
in a MS. at Constantinople in 1906 and published in Hermes the following 
year (see now Archimedis opera omnia^ ed. Heiberg, 2. ed., Vol. ii., 19 13? 
pp. 425 — 507; T. L. Heath, The Method of Archimedes y Cambridge, 1912). 
The said treatise, complete in all essentials, bears the title ttc/oI twv 

fjLYfxaviKOiv 6 €o)prjfidT<t}v 7rpo9 *Eparo<r$iyT^v l<^oSos. This “Method’’ (or “Plan of 
attack ”), addressed to Eratosthenes, is none other than the €<^o8tov on which, 
according to Suidas, Theodosius wrote a commentary, and which is several 
times cited by Heron in his Metrica \ its discovery adds a new and important 
chapter to the history of the integral calculus. In the preface to this work 
Archimedes alludes to the theorems which he first discovered by means of 
mechanical considerations, but proved afterwards by geometry, because the 
investigation by means of mechanics did not constitute a rigid proof; he 
observes, however, that the mechanical method is of great use for the discovery 
of theorems, and it is much easier to provide the rigid proof when the fact 
to be proved has once been discovered than it would be if nothing were 
known to begin with. He goes on : “ Hence too, in the case of those 
theorems the proof of which was first discovered by Eudoxus, namely those 
relating to the cone and the pyramid, that the cone is one third part of the 
cylinder, and the pyramid one third part of the prism, having the same base 
and equal height, no small part of the credit will naturally be assigned to 
Democritus, who was the first to make the statement (of the fact) regarding 
the said figure [i.e. property], though without proving it.” Hence the discovery 
of the two theorems must now be attributed to Democritus (fl. towards the 
end of 5th cent. B.c.). The words “without proving it” dTroSci^ccDs) do 

not mean that Democritus gave no sort of proof, but only that he did not give 
a proof on the rigorous lines required later ; for the same words are used by 
Archimedes of his own investigations by means of mechanics, which, however, 
do constitute a reasoned argument. The character of Archimedes’ mechanical 
arguments combined with a passage of Plutarch about a particular question in 
infinitesimals said to have been raised by Democritus may perhaps give a clue 
to the line of Democritus’ argument as regards the pyramid. The essential 
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feature of Archimedes’ mechanical arguments in this tract is that he regards 
an area as the sum of an infinite number of straight lines parallel to one 
another and terminated by the boundary or boundaries of the closed figure 
the area of which is to be found, and a volume as the sum of an infinite 
number of plane sections parallel to one another : which is of course the same 
thing as taking (as we do in the integral calculus) the sum of an infinite 
number of strips of breadth dx (say), when dx becomes indefinitely small, or 
the sum of an infinite number of parallel laminae of depth dz (say), when dz 
becomes indefinitely small. To give only one instance, we may take the 
case of the area of a segment of a parabola cut off by a chord. 

Let be the parabolic segment, CB the tangent at C meeting the 



diameter BBZ? through the middle point of the chord CJ in A*, so that 

BB = BD, 

Draw AF parallel to ED meeting CE produced in F. Produce CB to 
H so that CK — KHy where K is the point in which CH meets AF\ and 
suppose CH to be a lever. 

I^t any diameter MNFO be drawn meeting the curve in P and CF^ CK, 
CA '\n M, N, O respectively. 

Archimedes then observes that 

CA ,AO^MO: OP 
(“ for this is proved in a lemma ”), 
whence HK : KN^ MO : OP, 

so that, if a straight line TG equal to PO be placed with its middle point at 
H, the straight line MO with centre of gravity at N, and the straight line TG 
with centre of gravity at H, will balance about K. 

Taking all other parts of diameters like PO intercepted between the curve 
and CA, and placing equal straight lines with their centres of gravity at H, 
these straight lines collected at H will balance (about K) all the lines like 
MO parallel to FA intercepted within the triangle CFA in the positions in 
which they severally lie in the figure. 

Hence Archimedes infers that an area equal to that of the parabolic 
segment hung at H will balance (about K) the triangle CFA hung at its 
centre of gravity, the point X (a point on CK such that CA"= iXK), and 
therefore that 

(area of triangle CFA) : (area of segment) = HK\ KX 

= 3:1, 
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from which it follows that 

area of parabolic segment = ^ A 

The same sort of argument is used for solids, plane sections taking the 

place of straight lines. y jx c 

Archimedes is careful to state once more that this method of argument 
does not constitute a proof. Thus, at the end of the above proposition about 
the parabolic segment, he adds : “This property is of course not proved by 
what has just been said; but it has furnished a sort of indication (€fi<f>a<rLv nva) 

that the conclusion is true.” , . ^ ^ 

Let us now turn to the passage of Plutarch {Be Comm, Not. adv. Stotcos 
XXXIX. 3) about Democritus above referred to. Plutarch speaks of Democritus 
as having raised the question in natural philosophy {<^v<rtK<Ss) : “ if a cone 
were cut by a plane parallel to the base [by which is clearly meant a plane 
indefinitely near to the base], what must we think of the surfaces of the 
sections, that they are equal or unequal? For, if they are unequal, they will 
make the cone irregular, as having many indentations, like steps, and uneven- 
nesses ; but, if they are equal, the sections will be equal, and the cone will 
appear to have the property of the cylinder and to be made up of equal, not 
unequal circles, which is very absurd.'^ 1 he phrase ^^made up of equal. . .circles 
iii iVoii/ <TiryKct>€i/os...Ki;VA<iiv) shows that Democritus already had the idea of 
a solid being the sum of an infinite number of parallel planes, or indefinitely 
thin laminae, indefinitely near together : a most important anticipation of the 
same thought which led to such fruitful results in Archimedes. If then one 
may hazard a conjecture as to Democritus’ argument with regard to a pyramid, 
it seems probable that he would notice that, if two pyramids of the same 
height and equal triangular bases are respectively cut by planes parallel to the 
base and dividing the heights in the same ratio, the corresponding sections ot 
the two pyramids are equal, whence he would infer that the pyramids are 
equal as being the sum of the same infinite number of equal plane sections 
or indefinitely thin laminae. (This would be a particular anticipation of 
Cavalieri’s proposition that the areal or solid contents of two figures are equal 
if two sections of them taken at the same height, whatever the height may be, 
always give equal straight lines or equal surfaces respectively.) And 
Democritus would of course see that the three pyramids into which a prism 
on the same base and of equal height with the original pyramid is divided (as 
in Eucl. XII. 7) satisfy this test of equality, so that the pyramid would be one 
third part of the prism. The extension to a pyramid with a polygonal base 
would be easy. And Democritus may have stated the proposition for the 
cone (of course without an absolute proof) as a natural inference from the 
result of increasing indefinitely the number of sides in a regular polygon 
forming the base of a pyramid. 



BOOK XII. PROPOSITIONS. 


Propo.sition I. 

Similar polygons inscribed in circles are to one another as 
the squares on the diameters. 

Let ABC, FGH be circles, 

let ADCDE, FGHKL be similar polygons inscribed in them, 
and let BM, GN' be diameters of the circles ; 

I say that, as the square on BM is to the square on GN, so 
is the polygon ABCDE to the polygon FGHKL. 




For let BE, AM, GL, FN be joined. 

Now, since the polygon ABCDE is similar to the polygon 
FGHKL, 

the angle BAE is equal to the angle GFL, 
and, as BA is to AE, so is GF' x.o FL. [vi. Def. i] 

Thus BAE, GFL are two triangles which have one angle 
equal to one angle, namely the angle BAE to the angle 
GFL, and the sides about the equal angles proportional ; 
therefore the triangle ABE is equiangular with the triangle 
FGL. [vi. 6] 

Therefore the angle AEB is equal to the angle FLG. 


H. E. III. 


*4 
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But the angle AEB is equal to the angle A MB, 
for they stand on the same circumference ; [m. 27] 

and the angle FL G to the angle FN G ; 
therefore the angle AMB is also equal to the angle FNG. 

But the right angle BAM is also equal to the right angle 
GFN-, [ni-3i] 

therefore the remaining angle is equal to the remaining angle. 

[1. 32] 

Therefore the triangle ABM is equiangular with the 
triangle FGN. 

Therefore, proportionally, as BM is to GN, so is BA 
to GF. [vi- 4] 

But the ratio of the square on BM to the square on GN 
is duplicate of the ratio of BM to GN , 

and the ratio of the polygon ABCDF to the polygon FGHKL 
is duplicate of the ratio of BA to GF‘, [vi. 20] 

therefore also, as the square on BM is to the square on GN, 
so is the polygon ABCDF to the polygon FGHKL. 

Therefore etc. 

(>. E. D. 

As, from this point onward, the text of each proposition usually occupies 
considerable space, I shall generally give in the notes a summary of the 
argument, to enable it to be followed more easily. 

Here we have to prove that a pair of corresponding sides are in the ratio 
of the corresponding diameters. 

Since z.s BAE^ GFL are equal, and the sides about those angles 
proportional. 

As ABEf FGL are equiangular, 
so that lAEB^lFLG 

Hence their equals in the same segments, l s AMB^ FNG, are equal. 
And the right angles BAAf, GFN equaL 
Therefore As ABMj FGJV 2ire equiangular, so that 

BM : GN= BA : GF 

The duplicates of these ratios are therefore equal, 
whence (polygon ABODE ) : (polygon FGHKL) 

= duplicate ratio of BA to GF 
^ duplicate ratio of BM to GN 
= BM^^ : GN\ 
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Proposition 2. 

Circles are to one another as the sguares on the diameters. 

Let A BCD, EFGH be circles, and BD, FH theii 
diameters ; 

I say that, as the circle A BCD is to the circle FFGH, so is 
the square on BD to the square on FH. 



For, if the square on BD is not to the square on FH as 
the circle A BCD is to the circle FFGH, 
then, as the square on BD is to the square on FH, so will 
the circle A BCD be either to some less area than the circle 
FFGH, or to a greater. 

First, let it be in that ratio to a less area S. 

Let the square FFGH be inscribed in the circle FFGH ; 
then the inscribed square is greater than the half of the circle 
FFGH, inasmuch as, if through the points F, F, G, H we 
draw tangents to the circle, the square FFGH is half the 
square circumscribed about the circle, and the circle is less 
than the circumscribed square ; 

hence the inscribed square FFGH is greater than the half of 
the circle FFGH. 

Let the circumferences FF, FG, GH, HF be bisected at 
the points K, L, M, N, 

and let FK, KF, FL, LG, GM, MH, HN, NF be joined ; 
therefore each of the triangles FKF, FLG, GMH, HNF is 
also greater than the half of the segment of the circle about 
it, inasmuch as, if through the points K, L, M, N we draw 
tangents to the circle and complete the parallelograms on the 
straight lines FF, FG, GH, HF, each of the triangles FKF, 


24 — 2 
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FLG, GMH, HNE will be half of the parallelogram 
about it, 

while the segment about it is less than the parallelogram ; 
hence each of the triangles EKF, FLG, GMH, HNE 
is greater than the half of the segment of the circle 
about it. 

Thus, by bisecting the remaining circumferences and 
joining straight lines, and by doing this continually, we shall 
leave some segments of the circle which will be less than the 
excess by which the circle EFGH exceeds the area 

For it was proved in the first theorem of the tenth book 
that, if two unequal magnitudes be set out, and if from the 
greater there be subtracted a magnitude greater than the half, 
and from that which is left a greater than the half, and if this 
be done continually, there will be left some magnitude which 
will be less than the lesser magnitude set out. 

Let segments be left such as described, and let the 
segments of the circle EFGH on EK, KF, FL, LG, GM, 
MH, HN, NE be le.ss than the excess by which the circle 
EFGH exceeds the area S. 

Therefore the remainder, the polygon EKFLGMHN, is 
greater than the area 6". 

Let there be inscribed, also, in the circle A BCD the poly- 
gon similar to the polygon EKFLGMHN-, 

therefore, as the square on BD is to the square on FH, so is 
the polygon AOBPCQDR to the polygon EKFLGMHN. 

[xil. l] 

But, as the square on BD is to the square on FH, so also 
is the circle A BCD to the area S ; 

therefore also, as the cir^'le A BCD is to the area S, so is the 
polygon AOBPCQDR to the polygon EKFLGMHN 

[v. Il] 

therefore, alternately, as the circle A BCD is to the polygon 
inscribed in it, so is the area S to the polygon EKFLGMHN . 

tv i6] 

But the circle ABCD is greater than the polygon inscribed 
in it ; 

therefore the area ,S is also greater than the polygon 

EKFLGMHN. 
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But it is also less : 
which is impossible. 

Therefore, as the square on BD is to the square on FH, 
so is not the circle A BCD to any area less than the circle 
EFGH. 

Similarly we can prove that neither is the circle EFGH 
to any area less than the circle A BCD as the square on FH 
is to the square on BD. 

I say next that neither is the circle A BCD to any area 
greater than the circle EFGH as the square on BD is to the 
square on FH. 

For, if possible, let it be in that ratio to a greater area 5. 

Therefore, inversely, as the square on FH is to the square 
on DB, so is the area 5 to the circle ABCD. 

But, as the area 6' is to the circle ABCD, so is the circle 
EFGH to somfc area less than the circle ABCD ; 
therefore also, as the square on FH is to the square on BD, 
so is the circle EFGH to some area less than the circle 
ABCD : [v. 1 1 ] 

which was proved impossible. 

Therefore, as the square on BD is to the square on FH, 
so is not the circle ABCD to any area greater than the circle 
EFGH. 


And it was proved that neither is it in that ratio to any 
area less than the circle EFGH ; 

therefore, as the square on BD is to the square on FH, so is 
the circle ABCD to the circle EFGH. 

Therefore etc. 


Q. E. D. 


Lemma. 

I say that, the area 6' being greater than the circle 
EFGH, as the area 5 is to the circle ABCD, so is the circle 
EFGH to some area less than the circle ABCD. 

For let it be contrived that, as the area 5 is to the circle 
ABCD, so is the circle EFGH to the area T. 

I say that the area T is less than the circle ABCD. 

For since, as the area S is to the circle ABCD, so is the 
circle EFGH to the area T, 
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therefore, alternately, as the area 5" is to the circle EFGH, so 
is the circle A BCD to the area T. [v. i6] 

But the area is greater than the circle EFGH ; 
therefore the circle ABCD is also greater than the area T. 

Hence, as the area 5 is to the c\tc\g ABCD, so is the 
circle EFGH to some area less than the circle ABCD. 

Q. E. D. 


Though this theorem is said to have been proved by Hippocrates, we may 
with tolerable certainty attribute the proof of it given by Euclid to Eudoxus, 
to whom XII. 7 Por. and xii. lo (which Euclid proves in exactly the same 
manner) are specifically attributed by Archimedes. As regards the lemnia 
used herein (Eucl. x. i) and the somewhat different lemma by means of which 
Archimedes says that the theorems of xii. 2, xii. 7 Por. and xii. 18 were 
proved, see my note on x. i above. 

The first essential in this proposition is to prove that we can exhaust a 
circle, in the sense of x. i, by successively inscribing in it regular polygons, 
each of which has twice as many sides as the preceding one. We take first 
an inscribed square, then bisect the arcs subtended by the sides and so form 
an equilateral polygon of eight sides, then do the same with the latter, forming 
a polygon of 16 sides, and so on. And we have to prove that what is left 
over when any one of these polygons is taken away from the circle is more 
than half exhausted when the next polygon is made and subtracted from the 
circle. 

Euclid proves that the inscribed square is greater than half the circle and 
that the regular octagon when subtracted takes away more than half of what 
was left by the square. He then infers that the same 
thing will happen whenever the number of sides is 
doubled. 

This can be seen generally by taking any arc of a 
circle cut off by a chord AB. Bisect the arc in C, 

Draw a tangent to the circle at C, and let AD, BE 
be drawn perpendicular to the tangent. Join AC, CB. 

Then DE is parallel to AB, since 
L ECB = L CAB, in alternate segment, [iii. 32] 

= CBA, [ill. 29, I. 5] 

Thus ABED is aO; 
and it is greater than the segment A CB. 

Therefore its half, the ^ACB, is greater than half the segment. 

Thus, by x. i, Euclid’s construction of successive regular polygons in 
a circle, if continued far enough, will at length leave segments which are 
together less than any given area. 

Now let X, X' be the areas of the circles, d, d* their diameters, respectively. 

Then, if X^X'^d^^ d'\ 

d^:d'’^ = X:S, * 

where S is some area either greater or less than A 

I. Suppose S < X'. 

Continue the construction of polygons in X' until we arrive at one which 
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leaves over segments together less than the excess of X' over Sy i.e. a polygon 
such that 

X' > (polygon in X') > S, 

Inscribe in the circle X a polygon similar to that in X . 

Then (polygon in X) : (polygon in X') -- [xii. i] 

= X : Sy by hypothesis ; 

and, alternately, 

(polygon in X): X = (polygon in X') : S, 

But (polygon in X) < X; 

therefore (polygon in X') < S. 

But, by construction. (polygon in X') > S : 
which is impossible. 

Hence S cannot be /ess than X' as supposed. 

II. Suppose 6* > A". 

Since d'^ : d^'^ = X : Sy 

we have, inversely, d'^ : d^ = S : X. 

Suppose that S : X X' : Ty 

whence, since S> X\ X > T [v. 14] 

Consequently d''^ \ d'^ = X' \ Ty 

where T < X, 

This can be proved impossible in exactly the same way as shown in Part I. 
Hence S cannot be greater than X' as supposed. 

Since then S is neither greater nor less than X'y 

S^X\ 

and therefore d'^ \ d^'^ ^ X X\ 


With reference to the assumption that there is some space 5 ' such that 
d'^ : - X : 6*, 

i.e. that there is a fourth proportional to the areas d'^y d''^y X, Simson observes 
that it is sufficient, in this and the like cases, that a thing made use of in the 
reasoning can possibly existy though it cannot be exhibited by a geometrical 
construction. As regards the assumption see note on v. 18 above. 

There is grave reason for suspecting the genuineness of the Lemma at the 
end of the proposition ; though, if it be rejected, it will be necessary to delete 
the words “as was before proved^’ in corresponding places in xn. 5, 18. 


It.will be observed that Euclid proves the impossibility in the second case 
by reducing it to the first. If it is desired to prove the second case indepen- 
dently, we must circumscribe successive polygons to the circles instead of 
inscribing them, in the way shown by Archimedes in his first proposition on 
the Measurement of a circle. Of course we require, as a preliminary, the 


proposition corresponding to xii. i, that 
Similar polygons circumscribed about 
circles are to one another as the squares 
on the diameters. 

Let A By A'B' be corresponding sides 
of the two similar polygons. Then l. s 
OABy O A' B are equal, since AOy A' O' 
bisect equal angles. 
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Similarly l ABO = L A'B'O', 

Therefore As AOB^ A OB' are similar, so that their areas are in the 
duplicate ratio of AB to A B\ 

The radii OC^ OC drawn to the points of contact are perpendicular to 
AB, A B\ and it follows that 

AB : AB' = CO : CO. 

Thus the polygons are to one another in the duplicate ratio of the radii, 
and therefore of the diameters. 

Now suppose a square ABCD described about A G K O 

a circle. 

Make an octagon described about the circle by 
drawing tangents at the points E etc., where OA etc. 
meet the circle. 

Then shall the tangent at E cut off more than 
half of the area between AK, AH and the arc 
HEK. 

For the angle AEG is right, and is therefore 
> lEAG. 

Therefore AG > EG 

> GK. 

Therefore A. A GE > /^E GK. 

Similarly A A FE > A EFH. 

Hence AAFG > \ (re-entrant quadrilateral A HEK), 

and a fortiori, l^AFG > \ (area between AH, A K and the arc). 

Thus the octagon takes from the square more than half the space between 
the square and the circle. 

Similarly, if a figure of i6 equal sides be circumscribed by cutting off 
symmetrically the corners of the octagon, it will take away more than half of 
the space between the octagon and circle. 

Suppose now, with the original notation, that 

: d''^=^X .S, ' 

where S is greater than X'. 

Continue the construction of circumscribed polygons about X' until the 
total area between the polygon and the circle is less than the difference 
between S and X\ i.e. till 

.S' > (polygon about X') > X'. 

Circumscribe a similar polygon about X. 

Then (polygon about X) : (polygon about X') - d ^ : d'^ 

= X : St by hypothesis, 

and, alternately, 

(polygon about X) : X- (polygon about X') : S. 

But (polygon about X) > X. 

Therefore (polygon about X') > S. 

But 5 > (polygon about X') : [above] 

which is impossible. 

Hence S cannot be greater than X', 
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Legendre proves this proposition by a method equally rigorous but not, I 
think, possessing any advantages over Euclid’s. It depends on a lemma 
corresponding to Eucl. xii. 16, but with another part added to it. 

Two concentric circles being given, we can always inscribe in the greater a 
regular polygon such that its sides do not meet the circumference of the lesser, and 
we can also circumscribe about the lesser a regular 
polygon such that its sides do not meet the circum- 
ference of the greater. 

Let CA, CB be the radii of the circles. 

I. At A on the inner circle draw the tangent 
DE meeting the outer circle in Z>, E. 

Inscribe in the outer circle any of the regular 
polygons which we can inscribe, e.g. a square. 

Bisect the arc subtended by a side, bisect 
the half, bisect that again, and so on, until we 
arrive at an arc less than the arc DEE. 

Let this arc be MN, and suppose it so placed 
that B is its middle point. 

Then the chord MN is clearly more distant from the centre C than DE 
is ; and the regular polygon, of which MN is a side, does not anywhere meet 
the circumference of the inner circle. 

II. Join CM, CN, meeting DE in P, Q, 

Then PQ will be the side of a polygon circumscribed about the inner 
circle and similar to the polygon inscribed in the outer ; 
and the circumscribed polygon of which PQ is a side will not anywhere meet 
the outer circle. 

Legendre now proves xii. 2 after the following manner. 

For brevity, let us denote the area of the circle with radius CA by 
(circ. CA). 

Then it is required to prove that, if OB be the radius of a second circle, 
(circ. CA) : (circ. OB) = : OB^-. 


B 



A 




Suppose, if possible, that this relation is not true. Then CA’^ will be to 
OB^ as (circ. CA) is to an area greater or less than (circ. OB). 

1 . Suppose, first, that 

CA ^ : OB^ = (circ. CA) : (circ. OD), 
where OD is less than OB. 



378 


BOOK XII 


[XII. 2, 3 


Inscribe in the circle with radius OB a regular polygon such that its sides 
do not anywhere meet the circumference of the circle with centre OD ; 

[Lemma] 

and inscribe a similar polygon in the other circle. 

The areas of the polygons will then be in the duplicate ratio of CA to OB, 
or [xii. i] 

(polygon in circ. CA) : (polygon in circ. OB) 

= CA^ ; OB^ 

- (circ. CA) : (circ. OD), by hypothesis. 

But this is impossible, because the polygon in (circ. CA) is less than (circ. 
CA), but the polygon in (circ. OB) is greater than (circ. OD). 

Therefore CA cannot be to OB as (circ. CA) is to a less circle than 
(circ. OB). 

II. Suppose, if possible, that 

CA^ : OB = (circ. CA) : (some circle > circ. OB). 

Then inversely 

OB : CA' = (circ. OB) : (some circle < circ. CA), 
and this is proved impossible exactly as in Part I. 

Therefore CA^ : OB^ = (circ. CA) : (circ. OB), 


Proposition 3. 

Any pyramid which has a triangular base is divided into 
tzao pyramids equal and similar to one another, similar to the 
whole and having triangular bases, and into two equal prisms ; 
and the two prisms are greater than the half of the whole 
pyramid. 

Let there be a pyramid of which the triangle ABC is the 
base and the point D the vertex ; 

I say that the pyramid ABCD is 
divided into two pyramids equal to 
one another, having triangular bases 
and similar to the whole pyramid, 
and into two equal prisms ; and the 
two prisms are greater than the half 
of the whole pyramid. 

For let AB, BC, CA, AD, DB, 

DC be bisected at the points E, F, 

G, H, K, L, and let HE, EG, GH, HK, KL, LH, KF, FG 
be joined. 

Since AE\% equal to EB, and AH to DH, 
therefore EH is parallel to DB. [vi. 2] 
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For the same reason 
HK is also parallel to AB. 

Therefore HEBK is a parallelogram ; 
therefore HK is equal to EB. [i. 34J 

But EB is equal to EA ; 
therefore AE\s also equal to HK. 

But AH is also equal to HD ; 

therefore the two sides EA, AH are equal to the two sides 
KH, HD respectively , 

and the angle EAH is equal to the angle KHD ; 
therefore the base EH is equal to the base KD. [i. 4] 

Therefore the triangle A EH is equal and similar to the 
triangle HKD. 

For the same reason 

the triangle AHG is also equal and similar to the triangle 
HLD. 


Now, since two straight lines EH, HG meeting one 
another are parallel to two straight lines KD, DL meeting 
one another, and are not in the same plane, they will contain 
equal angles. [xi. 10] 

Therefore the angle EHG is equal to the angle KDL. 
And, since the two straight lines EH, HG are equal to the 
two KD, DL respectively, 
and the angle EHG is equal to the angle KDL, 
therefore the base EG is equal to the base KL ; [i. 4] 

therefore the triangle EHG is equal and similar to the 
triangle KDL. 


For the same reason 


the triangle AEG is also equal and similar to the triangle 


HKL. 


Therefore the pyramid of which the triangle AEG is the 
base and the point H the vertex is equal and similar to the 
pyramid of which the triangle HKL is the base and the point 
D the vertex. [xi. Def. 10] 


And, since HK has been drawn parallel, to AB, one of the 
sides of the triangle ADB, 



BOOK XII 


[xii. 3 


380 

the triangle ADB is equiangular to the triangle DHK, [i. 29] 

and they have their sides proportional ; 

therefore the triangle ADB is similar to the triangle DHK. 

[vi. Def. i] 

For the same reason 

the triangle DBC is also similar to the triangle DKL, and 
the triangle ADC to the triangle DLH. 

Now, since the two straight lines BA, AC meeting one 
another are parallel to the two straight lines KH , HL meeting 
one another, not in the same plane, they will contain equal 
angles. 

Therefore the angle BAC is equal to the angle KHL, 

And, as BA is to AC, so is KH x.o HL -, 
therefore the triangle ABC is similar to the triangle HKL. 

Therefore also the pyramid of which the triangle ABC vs. 
the base and the point D the vertex is similar to the pyramid 
of which the triangle H KL is the base and the point D the 
vertex. 

But the pyramid of which the triangle HKL is the base 
and the point D the vertex was proved similar to the pyramid 
of which the triangle AEG is the base and the point H the 
vertex. 

Therefore each of the pyramids AEGH, HKLD is 
similar to the whole pyramid A BCD. 

Next, since BE is equal to FC, 
the parallelogram EBFG is double of the triangle GFC. 

And since, if there be two prisms of equal height, and one 
have a parallelogram as base, and the other a triangle, and if 
the parallelogram be double of the triangle, the prisms are 
equal, 39 ] 

therefore the prism contained by the two triangles BKF 
EHG, and the three parallelograms EBFG, EBKH, HKFG 
is equal to the prism contained by the two triangles GFC, 
HKL and the three parallelograms KFCL, LCGH, HKFG. 

And it is manifest that each of the prisms, namely that in 
which the parallelogram EBFG is the base and the straight 
line HK is its opposite, and that in which the triangle GFC is 
the base- and the triangle HKL its opposite, is greater than 
each of the pyramids of which the triangles AEG, HKL are 
the bases and the points H, D the vertices. 
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inasmuch as, if we join the straight lines EF, EK, the prism 
in which the parallelogram EBI% is the base and the straight 
line HK its opposite is greater than the pyramid of which thei 
triangle EBF is the base and the point K the vertex. 

But the pyramid of which the triangle EBF is the base 
and the point K the vertex is equal to the pyramid of which 
the triangle AEG is the base and the point H the vertex ; 
for they are contained by equal and similar planes. 

Hence also the prism in which the parallelogram EBFG 
is the base and the straight line HK its opposite is greater 
than the pyramid of which the triangle AEG is the base and 
the point H the vertex. 

But the prism in which the parallelogram EBFG is the 
base and the straight line HK its opposite is equal to the 
prism in which the triangle GFC is the base and the triangle 
HKL its opposite, 

and the pyramid of which the triangle AEG is the base and 
the point H the vertex is equal to the pyramid of which the 
triangle HKL is the ba.se and the point D the vertex. 

Therefore the said two prisms are greater than the said 
two pyramids of which the triangles AEG, HKL are the 
bases and the points H, D the vertices. 

Therefore the whole pyramid, of which the triangle ABC 
is the base and the point L) the vertex, has been divided into 
two pyramids equal to one another and into two equal prisms, 
and the two prisms are greater than the half of the whole 
pyramid. 

Q. E. D 

VVe will denote a pyramid with vertex D and base ABC by D (ABC) or 
D-ABC and the triangular prism with triangles GCF, HLK for bases by 
(GCF, HLK). 

The following are the steps of the proof. 

I. To prove pyramid H(AEG) equal and similar to pyramid D(HKL), 

Since sides of txDAB are bisected at H, E, K, 

HE II DB, and HK || AB. 

Hence HK=EB = EA, 

HE = KB = L>K. 

Therefore (i) As HAE, DHK are equal and similar. 

Similarly ( 2 ) As HAG, DHL are equal and similar. 

Again, LH, HK are respectively || to GA, AE in a different plane ; 
therefore l GAE = u LHK. 
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And LH^ HK are respectively equal to GA^ AE, 

Therefore (3) As GAE^ LHK are equal and similar. 

Similarly (4) As HGE, DLK are equal and similar. 

Therefore [xi. Def. 10] the pyramids //(AEG) and D(HKL) are equal 
and similar. 

II. To prove the pyramid D(/IKL) similar to the pyramid D (ABC), 

(i) The As D/IK^ DAB are equiangular and therefore similar. 

Similarly (2) As DLI/^ DC A are similar, as also (3) the As DLK,, DCB, 

Again, BA,^ AC are respectively parallel to K/I^ HL in a different plane ; 

therefore l BA C= l KHL. 

And BA : AC=K/f : DL. 

Therefore (4) A s BA C, KHL are similar. 

Consequently the pyramid D(ABC) is similar to the pyramid D(HKL)^ 
and therefore also to the pyramid H(AEG), 

III. To prove prism (GCEy HLK) equal to prism (HGE, KFB), 

The prisms may be regarded as having the same height (the distance 
between the planes AfATZ, ABC) and having for bases (i) the ACGEmd 
(2) the O EBEGy which is the double of the A CGE 

Therefore, by xi. 39, the prisms are equal. 

IV. To prove the prisms greater than the small pyramids. 

Prism (HGEy KFB) is clearly greater than pyramid K (EFB) and there- 
fore greater than pyramid H(AEG). 

Therefore each of the prisms is greater than each of the small pyramids ; 
and the sum of the two prisms is greater than the sum of the two small 
pyramids, which, with the two prisms, make up the whole pyramid. 


Proposition 4. 

// there be two pyramids of the same height which have 
triangular bases, and each of them be divided into two pyramids 
equal to one another and similar to the whole, and into two 
equal prisms, then, as the base of the one pyramid is to the 
base of the other pyramid, so will all the prisms in the one 
Pyramid be to all the prisms, being equal in multitude, in the 
other pyramid. 

Let there be two pyramids of the same height which 
.have the triangular bases ABC, DEF, and vertices the 
points G, H, 

and let each of them be divided into two pyramids equal to 
one another and similar to the whole and into two equal 
prisms ; [xii. 3] 

I say that, as the base ABC is to the base DEF, so are 
all the prisms in the pyramid A BCG to all the prisms, being 
equal in multitude, in the pyramid DEFH, 
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For, since BO is equal to OC, and AL to LC, 
therefore Z(9 is parallel to AB, 
and the triangle ABC is similar to the triangle LOC. 



For the same reason 

the triangle DEF\s also similar to the triangle RVF. 

And, since BC is double of CO, and FF oi FV, 
therefore, as BC is to CO, so is FFto FV. 

And on BC, CO are described the similar and similarly 
situated rectilineal figures ABC, LOC, 

and on FF, FV the similar and similarly situated figures 
DFF, RVF; ® 

therefore, as the triangle ABC is to the triangle LOC, so is 
the triangle DFF to the triangle RVF; [vi. 22] 

therefore, alternately, as the triangle ABC is to the triangle 
DFF, so is the triangle LOC to the triangle RVF. [v. 16] 

But, as the triangle LOC is to the triangle RVF, so is 
the prism in which the triangle LOC is the base and PMN its 
opposite to the prism in which the triangle RVF is the base 
and STD its opposite ; [Lemma following] 

therefore also, as the triangle ABC is to the triangle DFF, 
so is the prism in which the triangle LOC is the base and 
PMN its opposite to the prism in which the triangle RVF 
is the base and STD its opposite. 

But, as the said prisms are to one another, so is the prism 
in which the parallelogram KBOL is the base and the straight 
line PM its opposite to the prism in which the parallelogram 
QFVR is the base and the straight line ST its opposite. 

[xi. 39 ; cf. xn. 3] 
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Therefore also the two prisms, that in which the parallelo- 
gram KBOL is the base and PM its opposite, and that in 
which the triangle LOC is the base and PMN its opposite, 
are to the prisms in which QE PP Is the base and the straight 
line ST its opposite and in which the triangle PPF is the 
base and STU its opposite in the same ratio [v. 12] 

Therefore also, as the base ABC is to the base PEP, so 
are the said two prisms to the said two prisms. 

And similarly, if the pyramids PMNG, STUHh<t divided 
into two prisms and two pyramids, 

as the base PMN is to the base STU, so will the two prisms 
in the pyramid PMNG be to the two prisms in the pyramid 
STUH. 

But, as the base PMN is to the base STU, so is the base 
ABC to the base DEF\ 

for the triangles PMN, STU are equal to the triangles LOC, 
R VF respectively. 

Therefore also, as the base ABC is to the base DEF, so 
are the four prisms to the four prisms. 

And similarly also, if we divide the remaining pyramids 
into two pyramids and into two prisms, then, as the base 
ABC is to the base DEF, so will all the prisms in the 
pyramid A BCG be to all the prisms, being equal in multitude, 
in the pyramid DEFH. 

Q. E. D. 


Lemma. 

But that, as the triangle LOC is to the triangle RVF, 
so is the prism in which the triangle LOC is the base and 
PMN its opposite to the prism in which the triangle RVF is 
the base and STU its opposite, w'e must prove as follows. 

For in the same figure let perpendiculars be conceived 
drawn from G, H to the planes ABC, DEF-, these are of 
course equal because, by hypothesis, the pyramids are of equal 
height. 

Now, since the two straight lines GC and the perpendicular 
from G are cut by the parallel planes ABC, PMN; 

they will be cut in the same ratios. 


[xi. 17] 
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And GC is bisected by the plane PMN at N ; 

therefore the perpendicular from G to the plane ABC will 
also be bisected by the plane PMN. 

For the .<iame reason 

the perpendicular from H to the plane DEF will also be 
bisected by the plane STU. 

And the perpendiculars from G, H to the planes ABC, 
DEF are equal ; 

therefore the perpendiculars from the triangles PMN, STU 
to the planes ABC, DEF are. also equal. 

Therefore the prisms in which the triangles LOC, RVF 
are bases, and PMN, STU their opposites, are of equal 
height. 

Hence also the parallelepipedal solids described from the 
said prisms are of equal height and are to one another as their 
bases ; [xi. 32] 

therefore their halves, namely the said prisms, are to one another 
as the base LOC is to the base RVF. 

Q. E. D. 

We can incorporate the lemma at the end of the proposition and sum- 
marise the proof thus. 

Since LO is parallel to AB, 

As ABC, LOC are similar. 

In like manner DEF, RVF smaXax. 

And, since BC : CO = EF ; FV, 

^ABC.AL 0 C = ADEF:ARVF, [vi. 22 ] 

and, alternately, 

AABC\ADEF=AL 0 C-.ARVF. 

Now the prisms {LOC, PMN) and {RVF, STU) are equal in height : 
for the perpendiculars from G, H on the bases ABC, DEF are divided by 
the planes PMN, STU (parallel to the bases) in the same proportion as GC, 
HFaxe divided by those planes [xi. 17], i.e. they are bisected; 

hence the heights of the prisms, being half the equal heights of the pyramids, 
are equal. 

And the prisms are the halves respectively of parallelepipeds of the same 
height on parallelogrammic bases double of the As LOC, A respectively ; 

[xi. 28 and note] 

hence they are in the same ratio as those parallelepipeds, and therefore as 
their bases [xi. 32]. 

Therefore 

(prism LOC, PMN) : (prism RVF, STU) = ALOC: ARVF 

= AABC:ADEF 


H. E. III. 


25 
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And since the other prisms in the pyramids are equal to these prisms 
respectively, 

(sum of prisms in GABC) ; (sum of prisms in HDEF')=C^ABC \C\DEF, 
Similarly, if the pyramids GPMN, HSTU be divided in like manner, and 
also the pyramids FAKL, SBQF, we shall have e.g. 

(sum of prisms in GPMN) : (sum of prisms in HSTU)=t\PMN -MSTU 

= ti.ABC:^P>EF, 

and similarly for the second pair of pyramids. 

The process may be continued indefinitely, and we shall always have 
(sum of prisms in GABC) : (sum of prisms in HDEF)-b.ABC -.l^DEF. 


Proposition 5. 

Pyramids which are of the same height and have triangular 
bases are to one another as the bases. 

Let there be pyramids of the same height, of which the 
triangles ABC, DEF are the bases and the points G, H the 
vertices ; 

I say that, as the base ABC is to the base DEF, so is the 
pyramid ABCG to the pyramid DEFH. 



For, if the 'pyrzmxd ABCG is not to the pyramid DEFH 
as the base ABC is to the base DEF, 

then, as the base ABC is to the base DEF, so will the 
pyramid ABCG be either to some solid less than the pyramid 
DEFH or to a greater. 

Let it, first, be in that ratio to a less solid W, and let the 
pyramid DEFH be divided into two pyramids equal to one 
another and similar to the whole and into two equal prisms ; 
then the two prisms are greater than the half of the whole 
pyramid. [*»• 3] 
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Again, let the pyramids arising from the division be 
similarly divided, 

and let this be done continually until there are left over from 
the pyramid DEFH some pyramids which are less than the 
excess by which the pyramid DEFH exceeds the solid W. 

[x. i] 

Let such be left, and let them be, for the sake of argument, 

DQRS, SrUH-, 

therefore the remainders, the prisms in the pyramid DEFH, 
are greater than the solid W. 

Let the pyramid A BCG also be divided similarly, and a 
similar number -of times, with the pyramid DEFH\ 
therefore, as the base ABC is to the base DEF, so are the 
prisms in the pyramid ABCG to the prisms in the pyramid 
DEFH. [xii. 4] 

But, as the base ABC is to the base DEF, so also is the 
pyramid ABCG to the solid fV; 

therefore also, as the pyramid ABCG is to the solid fV, so 
are the prisms in the pyramid ABCG to the prisms in the 
pyramid DEFH [v. ii] 
therefore, alternately, as the pyramid ABCG is to the prisms 
in it, so is the solid W to the prisms in the pyramid DEFH. 

[v; 16] 

But the pyramid ABCG is greater than the prisms in it ; 
therefore the solid W is also greater than the prisms in the 
pyramid DEFH. 

But it is also less : 
which is impossible. 

Therefore the prism ABCG is not to any solid less than 
the pyramid DEFH as the base ABC is to the base DEF. 

Similarly it can be proved that . neither is the pyramid 
DEFH to any solid less than the pyramid ABCG as the base 
DEF is to the base ABC. 

I say next that neither is the pyramid ABCG to any 
solid greater than the pyramid DEFH as the base ABC is 
to the base DEF. 

For, if possible, let it be in that ratio to a greater solid W\ 
therefore, inversely, as the base DEF is to the base ABC, 
so is the solid W to the pyramid ABCG. 


25—2 



388 


BOOK XII 


[xii. 5 


But, as the solid W is to the solid A BCG, so is the 
pyramid DEFH to some solid less than the pyramid ABCG, 
as was before proved ; [xti. 2, Lemma] 

therefore also, as the base DEF is to the base ABC, so is 
the pyramid DEFH to some solid less than the pyramid 
ABCG: 

which was proved absurd. 

Therefore the pyramid ABCG is not to any solid greater 
than the pyramid DEFH as the base ABC is to the base 
DEF. 

But it was proved that neither is it in that ratio to a less 
solid. 

Therefore, as the base ABC is to the base DEF, so is 
the pyramid ABCG to the pyramid DEFH. 

Q. E. D. 

In the two preceding propositions it has been shown how we can divide a 
pyramid with a triangular base into (i) two equal prisms which are together 
greater than half the pyramid and (2) two equal pyramids similar to the 
original one, and that, if this process be continued with the two pyramids, 
then with the four resulting pyramids, and so on, and if, further, another 
pyramid of the same height as the original one be similarly divided, the sub- 
division being made the same number of times, the sum of all the prisms in 
one pyramid is to the sum of all the prisms in the other as the base of the 
first is to the base of the second. 

We can now prove in the manner of xii. 2 that the volumes of the 
pyramids themselves are as the bases. 

Let us call the pyramids /*, F and their respective bases B, B\ 

If P.F^B,B\ 

suppose that B \ B — Pi W, 

I. Letf^be</^'. 

Divide F into two prisms and two pyramids, subdivide the latter similarly, 
and so on, until the sum of the pyramids remaining is less than the difference 
between P' and W\y., i], so that 

F > (prisms in F) > W, 

Then divide P similarly, the same number of times. 

Now (prisms in P) : (prisms in F) -BiB [xii. 4] 

= P: PV, hy hypothesis, 

and, alternately, 

(prisms in P): P- (prisms in F) : IV, 

But (prisms in < P; 

therefore (prisms in P') < IV, 

But, by construction, (prisms in F) > IV. 

Hence IV cannot be less than F, 
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II. Suppose, if possible, that IV > P\ 

Then, inversely, B \ B - W\ Ft 

where V is some solid less than P, [Cf. xii. 2, Lemma, and note.] 

But this can be proved impossible exactly as in Part L 
Therefore W is neither less nor greater than By 

so that B\B=^P\F. 

Legendre, followed by the American editors already mentioned, and by 
others, approaches the subject by a different route, proving the following 
propositions. 

I. If a pyramid be cut by a plane parallel to the base, (a) the lateral edges 
and the height will be cut in the same proportion, (b) the section by the plane 
will be a polygon similar to the base. 



(a) Since a lateral face VAB of the pyramid V (ABODE) is cut by two 
parallel planes in AB, ab, 

AB\\ab; 

Similarly BC\\ be, and so on. 

Therefore VA : Vd VB : Vb == VC: Fc= 

And, if VO the height be cut in O, 0, 

BO II bo ; and each of the above ratios is equal to VO : Vo, 

(b) Since BA || ba, and ^C|| be, 

L ABC = L abc, [xi. 10] 

Similarly for all the other angles of the polygons, which are therefore 
equiangular. 

Also, by similar triangles, 

VA :Va = AB: ab, 

and so on. 

Therefore, by the ratios above, 

AB: ab = BC: bc= ,,,, 

Therefore the polygons are similar. 

2. If two pyramids of the same height be cut by planes which are at the 
same perpendicular distance from the vertices, the sections are as the respective 
bases. 
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For, if we place the pyramids so that the vertices coincide and the bases 
are in one plane, the planes of the sections will coincide. 

If, e.g., the base of the second pyramid be XVZ and the section xjz, we 
shall have, by the argument of the last proposition, 

FX: Fx= FV: Fy= FZ : Fz= FO : Fo= FA : Fa = ..., 

and X YZ, xyz will be similar. 

Now (polygon ABCDE) ; (polygon abcde) = AB^ : 

= : W, 

and AATFZ : t.xyz = XY ^ : xf 

- FX ^ : Fx^ 

^ ir . r/'^2 


Therefore 

(polygon ABCDE ) : (polygon abcde) ~ is XYZ xyz. 

As a particular case, if the bases of the two pyramids are equivalent, the 
sections are also equivalent, 

3. Two triangular pyramids which have equivalent bases and equal heights 
are equivalent. 

Let VABC, vahc be pyramids with equivalent bases ABC, abc, which for 
convenience we will suppose placed in one plane, and let TA be the common 
height. 




Then, if the pyramids are not equivalent, one must be greater than the other. 

Let VABC be the greater ; and let AX be the height of a prism on ABC 
as base which is equal in volume to the difference of the pyramids. 

Divide the height AT into equal parts such that each is less than AX, and 
let each part be equal to z. 

Through the points of division draw planes parallel to the bases cutting 
both pyramids in the sections DEF, GHI,.,, and def, ghi , .... 

The sections DEF, ^f^will then be equivalent \ so will the sections GHI, 
ghi, and so on. [(2) above] 

On the triangles ABC, DEF, GHI, ... as bases draw exterior prisms 
having for edges the parts AD, DG, GK , ... of the edge A V ; 
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and on the triangles def^ gAt \ ... as bases draw interior prisms having for edges 
the parts ad^ dgy ... of av. 

All the partial prisms will then have the same height s. 

Now the sum of the exterior prisms of the pyramid VABC is greater than 
that pyramid ; 

and the sum of the interior prisms in the pyramid vabc is less than that 
pyramid. 

Consequently the difference between the sum of the first set of prisms and 
the sum of the second set of prisms is greater than the difference between the 
two pyramids. 

Again, if we start from the bases ABC^ abcy the second exterior prism 
DEFG is equivalent to the first interior prism defa^ since their bases are 
equivalent and they have the same height 0. [xi. 28 and note; xi. 32] 

Similarly the third exterior prism is equivalent to the second interior 
prism, and so on, until we arrive at the last of each. 

Therefore the prism ABCDj the first exterior prism, is the difference 
between the sums of the exterior and interior prisms respectively. 

Therefore the difference between the cwo pyramids is less than the prism 
ABCD, which should therefore be greater than the prism with base ABC 
and height AX. 

But the prism ABCD is, by hypothesis, less than the latter prism : 
which is impossible. 

Consequently the pyramid VABC cannot be greater than the pyramid 
vabc. 

Similarly it may be proved that vabc cannot be greater than VABC. 

Therefore the pyramids are equivalent. 

Legendre next establishes a proposition corresponding to Eucl. xii. 7, viz. 

4. Any triangular pyramid is one third of the triangular prism on the same 
base a?id of the same height^ 

and from this he deduces that 

Cor. The volume of a triangular pyramid is equal to a third of the product 
of its base by its height. 

He has previously proved that the volume of a triangular prism is equal to 
the product of its base and height, since ( i ) the prism is half of a parallele- 
piped of the same height and with a parallelogram for base which is double of 
the base of the prism, and (2) this parallelepiped can be transformed into an 
equivalent rectangular parallelepiped with the same height and an equivalent 
base. 

The theorem (4) is then extended to any pyramid in the proposition 

5. Any pyramid has for its measure the third part of the product of its base 
and its height^ from which follow 

Cor. I. Any pyramid is the third part of the prism on the same base and 
of the same height. 

Cor. II. Thvo pyramids of the same height are to one another as their 
bases^ and ttvo pyramids on the same base are to one another as their heights. 

The first part of the second corollary corresponds to the present 
proposition as extended by the next, xii. 6, 
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Proposition 6. 

Pyramids which are of the same height and have polygonal 
bases are to one another as the bases. 

Let there be pyramids of the same height of which the 
polygons ABCDE, FGHKL are the bases and the points 
M, N the vertices ; 

I say that, as the base ABCDE is to the base FGHKL, 
so is the pyramid A BCD EM to the pyramid FGHKLN. 



triangular bases and equal height, 

they are to one another as the bases ; [xu. 5] 

therefore, as the base ABC is to the base A CD, so is the 
pyramid ABCM to the pyramid ACDM. 

And, componendo, as the base A BCD is to the base A CD, 
so is the pyramid A BCDM to the pyramid ACDM. [v. 18] 

But also, as the base ACD is to the base ADE, so is the 
pyramid ACDM to the pyramid ADEM. [xii. 5] 

Therefore, ex aequali, as the base ABCD is to the base 
ADE, so is the pyramid ABCDM to the pyramid ADEM. 

[v. 22] 

And. again componendo, as the base ABCDE is to the 
base ADE, so is the pyramid ABC DEM to the pyramid 
ADEM. [V. 18] 

Similarly also it can be proved that, as the base FGHKL 
is to the base FGH, so is the pyramid FGHKLN to the 
pyramid FGHN. 
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And, since AD EM, FGHN are two pyramids which have 
triangular bases and equal height, 

therefore, as the base ADE is to the base FGH, so is the 

pyramid A DEM to the pyramid FGHN. [xii. 5] 

But, as the base ADE is to the base ABCDE, so was 
the pyramid ADEM to the pyramid ABCDEM. 

Therefore also, ex aequali, as the base ABCDE is to the 
base FGH, so is the pyramid ABCDEM to the pyramid 
FGHN. [v. 22] 

But further, as the base FGH is to the base FGHKL, so 
also was the pyramid FGHN to the pyramid FGHKLN. 

Therefore also, ex aequali, as the base ABCDE is to the 
base FGHKL, so is the pyramid ABCDEM to the pyramid 
FGHKLN. [V. 22] 

Q. E. D. 


It will be seen that, in order to obtain the proportion 

(base ABCDE) : A ADE = (pyramid MABCDE) : (pyramid MADE), 

Euclid employs v. i8 (componendo) twice over, with an ex aequali step [v. 22] 
intervening. 

We might arrive at it more concisely by using v. 24 extended to any 
number of antecedents. 

Thus 

aABC -.AADE = (pyramid MABC) : (pyramid MADE), 

AACD lAADE = (pyramid MACD) : (pyramid MADE), 
and lastly 

A ADE : A ADE = (pyramid MADE) : (pyramid MADE). 

Therefore, adding the antecedents [v. 24], we have 

(polygon ABCDE) : A ADE = (pyramid MABCDE) : (pyramid MADE). 

Again, since the pyramids MADE, NEGH zxe of the same height, 

A ADE : AFGH= (pyramid MADE) : (pyramid NFGH). 

Lastly, using the same argument for the pyramid NFGHKL as for 
MABCDE, and inverting, we have 

A FGH : (polygon FGHKL) = (pyramid NFGH) : (pyramid NFGHKL). 
Thus from the three proportions, ex aequali, 

(polygon ABCDE) : (polygon FGHKL) 

= (pyramid MABCDE) : (pyramid NFGHKL). 
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Proposition 7. 

Any prism which has a triangular base is divided into three 
pyramids equal to one another which have triangular bases. 

Let there be a prism in which the triangle ABC is the 
base and DEF its opposite ; 

I say that the prism ABCDEF is 
divided into three pyramids equal to 
one another, which have triangular 
bases. 

For let BD, EC, CD be joined. 

Since ABED is a parallelogram, 
and BD is its diameter, 
therefore the triangle ABD is equal 
to the triangle EBD ; [i. 34] 

therefore also the pyramid of which the triangle ABD is the 
base and the point C the vertex is equal to the pyramid of 
which the triangle DEB is the base and the point C the 
vertex. [xii. 5] 

But the pyramid of which the triangle DEB is the base 
and the point C the vertex is the same with the pyramid of 
which the triangle EBC is the base and the point D the 
vertex ; 

for they are contained by the same planes. 

Therefore the pyramid of which the triangle ABD is the 
base and the point C the vertex is also equal to the pyramid 
of which the triangle EBC is the base and the point D the 
vertex. 

Again, since FCBE is a parallelogram, 
and CE is its diameter, 

the triangle CEF is equal to the triangle CBE. [i. 34] 

Therefore also the pyramid of which the triangle BCE is 
the base and the point D the vertex is equal to the pyramid 
of which the triangle ECF is the base and the point D the 
vertex. [««, s] 

But the pyramid of which the triangle BCE is the bas^ 
and the point D the vertex was proved equal to the pyramid 
of which the triangle A BD is the base and the point C the 
vertex ; 
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therefore also the pyramid of which the triangle CEF is the 
base and the point D the vertex is equal to the pyramid of 
which the triangle ABD is the base and the point C the 
vertex ; 

therefore the prism ABCDEF has been divided into three 
pyramids equal to one another which have triangular bases. 

And, since the pyramid of which the triangle ABD is the 
base and the point C the vertex is the same with the pyramid 
of which the triangle CAB is the base and the point D the 
vertex, 

for they are contained by the same planes, 
while the pyramid of which the triangle ABD is the base and 
the point C the vertex was proved to be a third of the prism 
in which the triangle ABC is the base and DEF its opposite, 
therefore also the pyramid of which the triangle ABC is the 
base and the point D the vertex is a third of the prism which 
has the same base, the triangle ABC, and DEF as its 
opposite. 

PoRiSM. From this it is manifest that any pyramid is a 
third part of the prism which has the same base with it and 
equal height. 

Q. E. D. 

If we denote by C-ABD a pyramid with vertex C and base ABD^ Euclid’s 
argument is easily followed thus. 

The OJ ABED being bisected by BD^ 

(pyramid C-ABD) ~ {pyraimid C-DEB) [xii, 5] 

= (pyramid D-EBC). 

And, the /U EBCEb^ing bisected by EC^ 

(pyramid D-EBC) ~ (pyramid D-ECF), 

Thus (pyramid C-ABD) = (pyraimid D-EBC) = {pyr 3 i:mid D-ECF\ and 
these three pyramids make up the whole prism, so that each is one-third of the 
prism. 

And, since (pyramid C-ABD) ~ (pyramid D-ABC\ 

(pyramid D-ABC) = \ (prism ABC, DEF), 


Proposition 8. 

Similar pyramids which have triangtdar bases are in the 
triplicate ratio of their corresponding sides. 

Let there be similar and similarly situated pyramids of 
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which the triangles ABC, DEF, are the bases and the points 
G, H the vertices ; 

I say that the pyramid A BCG has to the pyramid DEFH 
the ratio triplicate of that which BC has to EF. 


K L 



o p 



For let the parallelepipedal solids BGML, EHQP be 
completed. 

Now, since the pyramid A BCG is similar to the pyramid 
DEFH, 

therefore the angle ABC is equal to the angle DEF, 

the angle GBC to the angle HEF, 

and the angle ABG to the angle DEH •, 

and, as ^ 4.5 is to DE, so is BC to EF, and BG lo EH. 

And since, as A B is to DE, so is BC to EF, 
and the sides are proportional about equal angles, 

therefore the parallelogram BM is similar to the parallelo- 
gram EQ. 

For the same reason 

BN is also similar to ER, and BK to EO ■, 

therefore the three parallelograms MB, BK, BN are similar 

to the three EQ, EO, ER. 

But the three parallelograms MB, BK, BN are equal and 
similar to their three opposites, 

and the three EQ, EO, ER are equal and similar to their 
three opposites. [xi. 24] 

Therefore the solids BGML, EHQP are contained by 
similar planes equal in multitude. 

Therefore the solid BGML is similar to the solid EHQP. 
But similar parallelepipedal solids are in the triplicate ratio 
of their corresponding sides. [xi- 33] 
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Therefore the solid SGML has to the solid EHQP the 
ratio triplicate of that which the corresponding side BC has to 
the corresponding side EF. 

But, as the solid BGML is to the solid EHQP, so is the 
pyramid A BCG to the pyramid DEFH, 

inasmuch as the pyramid is a sixth part of the solid, because 
the prism which is half of the parallelepipedal solid [xi. 28] is 
also triple of the pyramid. [xii. 7] 

Therefore the pyramid A BCG also has to the pyramid 
DEFH the ratio triplicate of that which BC has to EF. 

Q. E. D. 

PoRiSM. From this it is manifest that similar pyramids 
which have polygonal bases are also to one another in the 
triplicate ratio of their corresponding sides. 

For, if they are divided into the pyramids contained in 
them which have triangular bases, by virtue of the fact that 
the similar polygons forming their bases are also divided into 
similar triangles equal in multitude and corresponding to the 
wholes [vi. 20], 

then, as the one pyramid which has a triangular base in the 
one complete pyramid is to the one pyramid which has a 
triangular base in the other complete pyramid, so also will all 
the pyramids which have triangular bases contained in the 
one pyramid be to all the pyramids which have triangular 
bases contained in the other pyramid [v. 12], that is, the 
pyramid itself which has a polygonal base to the pyramid 
which has a polygonal base. 

But the pyramid which has a triangular base is to the 
pyramid which has a triangular base in the triplicate ratio of 
the corresponding sides ; 

therefore also the pyramid which has a polygonal base has to 
the pyramid which has a similar base the ratio triplicate of 
that which the side has to the side. 

It is at once proved that, the pyramids being similar, the parallelepipeds 
constructed as shown in the figure are also similar. 

Consequently, as these latter are in the triplicate ratio of their corre- 
sponding sides [xi. 33], so are the pyramids which are their sixth parts 
respectively (being one third of the respective prisms on the same bases, i.e. 
of the halves of the respective parallelepipeds, xi. 28). 

As the Porism is not used where Euclid might have been expected to use 
it (see note on xu. 12, p. 416), there is some reason to doubt its genuineness. 
P only has it in the margin, though in the first hand. 
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pROPOSITfON 9. 

In equal pyramids which have triangular bases the bases 
are reciprocally proportional to the heights; and those pyramids 
in which the bases are reciprocally proportional to the heights 
are equal. 

For let there be equal pyramids which have the triangular 
bases ABC, DEF 200A vertices the points G, H ; 

I say that in the pyramids ABCG, DEFH the bases are 
reciprocally proportional to the heights, *^hat is, as the base 
ABC is to the base DEF, so is the height of the pyramid 
DEFH to the height of the pyramid ABCG. 




For let the parallelepipedal solids BGML, EHQP be 
completed. 

Now, since the pyramid ABCG is equal to the pyramid 
DEFH, 

and the solid BGML is six times the pyramid ABCG, 
and the solid EHQP six times the pyramid DEFH, 
therefore the solid BGML is equal to the solid EH QP. 

But in equal parallelepipedal solids the bases are recipro- 
cally proportional to the heights ; [xi. 34] 

therefore, as the base BM is to the base EQ, so is the height 
of the solid EHQP to the height of the solid BGML. 

But, as the base BM is to EQ, so is the triangle ABC to 
the triangle DEF. [i- 34 ] 

Therefore also, as the triangle ABC is to the triangle 
DEF, so is the height of the solid EHQP to the height of 
the solid BGML. [v- n] 
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But the height of the solid EHQP is the same with the 
height of the pyramid DEFH, 

and the height of the solid BGML is the same with the 
height of the pyramid A BCG, 

therefore, as the base ABC is to the base DEE, so is the 
height of the pyramid DEFH to the height of the pyramid 
ABCG. 

Therefore in the pyramids ABCG, DEFH the bases are 
reciprocally proportional to the heights. 


Next, in the pyramids ABCG, DEFH let the bases be 
reciprocally proportional to the heights ; 
that is, as the base ABC is to the base DEF, so let the height 
of the pyramid DEFH be to the height of the pyramid 
ABCG; 

I say that the pyramid ABCG is equal to the pyramid 
DEFH. 


For, with the same construction, 
since, as the base ABC is to the base DEF, so is the height 
of the pyramid DEFH to the height of the pyramid ABCG, 

while, as the base ABC is to the base DEF, so is the 
parallelogram BM to the parallelogram EQ, 

therefore also, as the parallelogram BM is to the parallelogram 
EQ, so is the height of the pyramid DEFH to the height of 
the pyramid ABCG. [v. n] 

But the height of the pyramid DEFH is the same with 
the height of the parallelepiped EHQP, 

and the height of the pyramid ABCG is the same with the 
height of the parallelepiped BGML ; 

therefore, as the base BM is to the base EQ, so is the height 
of the parallelepiped EHQP to the height of the parallelepi- 
ped BGML. 

But those parallelepipedal solids in which the bases are 
reciprocally proportional to the heights are equal ; [xi. 34] 

therefore the parallelepipedal solid BGML is equal to the 
parallelepipedal solid EHQP. 

And the pyramid ABCG is a sixth part of BGML, and 
the pyramid DEFH a sixth part of the parallelepiped 

EHQP; 
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therefore the pyramid A BCG is equal to the pyramid DEFH. 
Therefore etc. 


Q. E. D. 


The volumes of the pyramids are respectively one sixth part of the volumes 
of the parallelepipeds described, as in the figure, on double the bases and with 
the same heights as the pyramids. 

I. Thus the parallelepipeds are equal if the pyramids are equal. 

And, the parallelepipeds being equal, their bases are reciprocally propor- 
tional to their heights ; [xi. 34] 

hence the bases of the equal pyramids (which are the halves of the bases of 
the parallelepipeds) are proportional to their heights. 

II. If the bases of the pyramids are reciprocally proportional to their 
heights, so are the bases of the parallelepipeds to their heights (since the bases 
of the parallelepipeds are double of the bases of the pyramids respectively). 

Consequently the parallelepip)eds are equal. fxi. 34] 

Therefore their sixth parts, the pyramids, are also equal. 


Proposition 10. 

Any cone is a third part of the cylinder which has the same 
base with it and equal height. 

For let a cone have the same base, namely the circle 
ABCD, with a cylinder and equal 
height ; 

I say that the cone is a third part 
of the cylinder, that is, that the 
cylinder is triple of the cone. 

For if the cylinder is not triple 
of the cone, the cylinder will be 
either greater than triple or less 
than triple of the cone. 

First let it be greater than 
triple, 

and let the square ABCD be 
inscribed in the circle ABCD ; 

then the square ABCD is greater than the half of the circle 
ABCD. 

From the square ABCD let there be set up a prism of 
equal height with the cylinder. 

Then the prism so set up is greater than the half of the 
cylinder. 


A 
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inasmuch as, if we also circumscribe a square about the circle 
ABCD\yi. 7], the square inscribed in the circle ABCD is half 
of that circumscribed about it, 

and the solids set up from them are parallelepipedal prisms of 
equal height, 

while parallelepipedal solids which are of the same height are 
to one another as their bases ; [xi. 3»] 

therefore also the prism set up on the square ABCD is half 
of the prism set up from the square circumscribed about the 
circle ABCD ; [cf. XI. 28, or XII. 6 and 7, Por.] 

and the cylinder is less than the prism set up from the square 
circumscribed about the circle ABCD\ 

therefore the prism set up from the square ABCD and of 
equal height with the cylinder is greater than the half of the 
cylinder. 

Let the circumferences AB, BC, CD, DA be bisected at 
the points E, F, G, H, 

and let AE, EB, BE, FC, CG, GD, DH, HA be joined ; 

then each of the triangles AEB, BFC, CGD, DHA is greater 
than the half of that segment of the. circle ABCD which is 
about it, as we proved before. [xn. 2] 

On each of the triangles AEB, BFC, CGD, DHA let 
prisms be set up of equal height with the cylinder ; 

then each of the prisms so set up is greater than the half part 
of that segment of the cylinder which is about it, 

inasmuch as, if we draw through the points E, F, G, H 
parallels to AB, BC, CD, DA, complete the parallelograms 
on AB, BC, CD, DA, and set up from them parallelepipedal 
solids of equal height with the cylinder, the prisms on the 
triangles AEB, BFC, CGD, DHA are halves of the several 
solids set up ; 

and the segments of the cylinder are less than the parallelepi- 
pedal solids set up ; 

hence also the prisms on the triangles AEB, BFC, CGD, 
DHA are greater than the half of the segments of the 
cylinder about them. 

Thus, bisecting the circumferences that are left, joining 

26 


H. E. III. 
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Straight lines, setting up on each of the triangles prisms of 
equtu height with the cylinder, 

and doing this continually, 

we shall leave some segments of the cylinder which will be 
less than the excess by which the cylinder exceeds the triple 
of the cone. [x- *] 

Let such segments be left, and let them be AE, EB, BE, 
EC, CG, GD, DH, HA ; 

therefore the remainder, the prism of which the polygon 
AEBECGDH is the base and the height is the same as that 
of the cylinder, is greater than triple of the cone. 

But the prism of which the polygon AEBECGDH is the 
base and the height the same as that of the cylinder is triple 
of the pyramid of which the polygon AEBECGDH is the 
base and the vertex is the same as that of the cone ; [xn. 7, For.] 

therefore also the pyramid of which the polygon AEBECGDH 
is the base and the vertex is the same as that of the cone is 
greater than the cone which has the circle A BCD as ba.se. 

But it is also less, for it is enclosed by it: 
which is impossible. 

Therefore the cylinder is not greater than triple of the cone. 

I say next that neither is the cylinder less than triple of 
the cone, 

For, if possible, let the cylinder be less than triple of the 
cone , 

therefore, inversely, the cone is greater than a third part of 
the cylinder. 

Let the square A BCD be inscribed in the circle A BCD ; 

therefore the square A BCD' is greater than the half of the 
circle ABCD- 

Now let there be set up from the square A BCD a pyramid 
having the same vertex with the cone ; 

therefore the pyramid so set up is greater than the half part 
of the cone, 

seeing that, as we proved before, if we circumscribe a square 
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about the circle, the square A BCD will be half of the square 
circumscribed about the circle, 

and if we set up from the squares parallelepipedal solids of 
equal height with the cone, which are also called prisms, the 
solid set up from the square ABCD will be half of that set up 
from the square circumscribed about the circle; 
for they are to one another as their bases. [xi. 32] 

Hence also the thirds of them are in that ratio ; 

therefore also the pyramid of which the square ABCD is the 
base is half of the pyramid set up from the square circum- 
scribed about the circle. 

And the pyramid set up from the square about the circle 
is greater than the cone, 
for it encloses it. 

Therefore the pyramid of which the square ABCD is the 
base and the vertex is the same with that of the cone is 
greater than the half of the cone. 

Let the circumferences AB, BC, CD, DA be bisected at 
the points E, ‘F, G, H, 

and let AE, EB, BE, FC, CG, GD, DH, HA be joined ; 

therefore also each of the triangles AEB, BFC, CGD, DHA 
is greater than the half part of that segment of the circle 
ABCD which is about it. 

Now, on each of the triangles AEB, BFC, CGD, DHA 
let pyramid.s be set up which have the same vertex as the 
cone ; 

therefore also each of the pyramids so set up is, in the same 
manner, greater than the half part of that segment of the cone 
which is about it. 

Thus, by bisecting the circumferences that are left, joining 
straight lines, setting up on each of the triangles a pyramid 
which has the same vertex as the cone, 
and doing this continually, 

we shall leave some segments of the cone which will be less 
than the excess by which the cone exceeds the third part of 
the cylinder. *1 

Let such be left, and let them be the segments on A E, 
EB, BF, FC, CG, GD, DH, HA ; 


26 — 2 



404 


BOOK XII 


fxii. lO 


therefore the remainder, the pyramid of which the polygon 
AEBFCGDH is the base and the vertex the same with that 
of the cone, is greater than a third part of the cylinder. 

But the pyramid of which the polygon AEBFCGDH is 
the base and the vertex the same with that of the cone is a 
third part of the prism of which the polygon AEBFCGDH 
is the base and the height is the same with that of the 
cylinder ; 

therefore the prism of which the polygon AEBFCGDH is 
the base and the height is the same with that of the cylinder 
is greater than the cylinder of which the circle A BCD is the 
base. 

But it is also less, for it is enclosed by it : 
which is impossible. 

Therefore the cylinder is not less than triple of the cone. 

But it was proved that neither is it greater than triple ; 
therefore the cylinder is triple of the cone ; 
hence the cone is a third part of the cylinder. 

Therefore etc. 

Q. E. D. 


We observe the use in this proposition of the term “ parallelepipedal 
prism, which recalls Heron’s “ parallelogrammic ” or “ parallehsided prism.” 

The course of the proof is exactly the same as in xii. 2, except that an 
arithmetical fraction takes the place of a ratio which, being incommensurable, 
could only be expressed as a ratio. Consequently we do not need proportions 
in this proposition, as we did in xii. 2, and shall again in xii. 11, etc. 

Euclid exhausts the cylinder and cone respectively by setting up prisms 
and pyramids of the same height on the successive regular polygons inscribed 
in the circle which is the common base, viz. the square, the regular polygon 
of 8 sides, that of 16 sides, etc. 

If be the side of one polygon, we obtain two sides of the next by 
bisecting the arc ACB and joining AC^ CB, Draw the 
tangent DE at C and complete the parallelogram 
ABED. 

Now suppose a prism erected on the polygon of 
which A B is Si side, and of the same height as that of 
the cylinder. 

To obtain the prism of the same height on the next 
polygon we add all the triangular prisms of the same 
height on the bases A CB and the rest. 

Now the prism on ACB is half the prism of the 
same height on the O ABED as base. 

[cf. XI. 28] 
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And the prism on O ABED includes, and is greater than, the portion of 
the cylinder standing on the segment A CB of the circle. 

The same thing is true in regard to the other sides of the polygon of 
which AB is one side. 

Thus the process begins with a prism on the square inscribed in the circle, 
which is more than half the cylinder, the next prism (with eight lateral faces) 
takes away more than half the remainder, and so on ; 

hence [x. i], if we proceed far enough, we shall ultimately arrive at a prism 
leaving over portions of the cylinder together less than any assigned volume. 

The construction of pyramids on the successive polygons exhausts the cone 
in exactly the same way. 

Now, if the cone is not equal to one-third of the cylinder, it must be either 
greater or less. 

I. Suppose, if possible, that, F, O being their volumes respectively, 

(9>3F. 

Construct successive inscribed polygons in the bases and prisms on them 
until we arrive at a prism B leaving over portions of the cylinder together less 
than {O — ^ F), i.e. such that 

0>P>ZV. 

But P is triple of the pyramid on the same base and of the same height ; 
and this pyramid is included by, and is therefore less than, F; 


therefore F < 3 F. 

But, by construction, P> 

which is impossible. 

Therefore O $F 

II. Suppose, if possible, that (9 < 3 F. 

Therefore V > 


Construct successive pyramids in the cone in the manner described until 
we arrive at a pyramid U leaving over portions of the cone together less than 
i.e. such that 

F>n>|a 

Now n is one-third of the prism oh the same base and of the same height ; 
and this prism is included by, and is therefore less than, the cylinder ; 
therefore U <^0, 

But, by construction, 11 > : 

which is impossible. 

Therefore 0 is neither greater nor less than 3 F, so that 

0=3F 

It will be observed that here, as in xii. 2, Euclid always exhausts the solid 
by (as it were) building up to it from inside. Hence the solid to be exhausted 
must, with him, be supposed greater than the solid to which it is to be proved 
equal ; and this is the reason why, in the second part, the initial supposition 
is turned round. 

In this case too Euclid might have approximated to the cone and cylinder 
by circumscribing successive pyramids and prisms in the way shown, after 
Archimedes, in the note on xii. 2. 
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Proposition ii. 

Cones and cylinders which are of the same height are to 
one another as their bases. 

Let there be cones and cylinders of the same height, 

let the circles ABCD, EFGH be their bases, KL, MN their 
axes and AC, EG the diameters of their bases ; 

I say that, as the circle ABCD is to the circle EFGH, so is 
the cone AL to the cone EN. 


o 



For, if not, then, as the circle ABCD is to the circle 
EFGH, so will the cone AL ho either to some solid less 
than the cone EN or to a greater. 

First, let it be in that ratio to a less solid O, and let the 
solid X be equal to that by which the solid O is less than the 
cone EN •, 

therefore the cone EN is equal to the solids O, X. 

Let the square EFGH be inscribed in the circle EFGH •, 
therefore the square is greater than the half of the circle. 

Let there be set up from the square EFGH a pyramid of 
equal height with the cone ; 

therefore the pyramid so set up is greater than the half of the 
cone, 

inasmuch as, if we circumscribe a square about the circle, and 
set up from it a pyramid of equal height with the cone, the 
inscribed pyramid is half of the circumscribed pyramid, 

for they are to one another as their bases, [xn. 6] 

while the cone is less than the circumscribed pyramid. 
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Let the circumferences EF, FG, GH, HE be bisected at 
the points P, Q, R, S, 

and let HP, PE, EQ, QF, FR, RG, GS, SHh^ joined. 

Therefore each of the triangles HPE, EQF, FRG, GSH 
is greater than the half of that segment of the circle which is 
about it. 

On each of the triangles HPE, EQF, FRG, GSH let 
there be set up a pyramid of equal height with the cone ; 
therefore, also, each of the pyramids so set up is greater than 
the half of that segment of the cone which is about it. 

Thus, bisecting the circumferences which are left, joining 
straight lines, setting up on each of the triangles pyramids of 
equal height with the cone, 
and doing this continually, 

we shall leave some segments of the cone which will be less 
than the solid X. i] 

Let such be left, and let them be the segments on HP, 
PE. EQ, QF, FR, RG, GS, SH ; 

therefore the remainder, the pyramid of which the polygon 
HPEQFRGS is the base and the height the same with that 
of the cone, is greater than the solid O. 

Let there also be inscribed in the circle A BCD the 
polygon DTAUBVCW similar and similarly situated to the 
polygon HPEQFRGS, 

and on it let a pyramid be set up of equal height with the cone 
AL. 

Since then, as the square on AC xs to the square on EG, so 
is the polygon DTA UBVCW to the polygon HPEQFRGS, 

[Xll. l] 

while, as the square on is to the square on EG, so is the 
circle ABCD to the circle EFGH, [xn. 2] 

therefore also, as the circle ABCD is to the circle EFGH, so 
is the polygon D TA UB V CW to the polygon HPEQFRGS, 
But, as the circle ABCD is to the circle EFGH, so is the 
cone AL to the solid O, 

and, as the polygon DTAUBVCW is to the polygon 
HPEQFRGS, so is the pyramid of which the polygon 
DTAUBVCW the base and the point L the vertex to the 
pyramid of which the polygon HPEQFRGS is the base and 
the point N the vertex. [*“• 
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Therefore also, as the cone AL is to the solid O, so is the 
pyramid of which the polygon DTA UBVCW is the base and 
the point L the vertex to the pyramid of which the polygon 
HPEQFRGS is the base and the point N the vertex ; [v. n] 
therefore, alternately, as the cone AL is to the pyramid in it, 
so is the solid O to the pyramid in the cone EN. [v- i6j 

But the cone AL is greater than the pyramid in it ; 
therefore the solid O is also greater than the pyramid in the 
cone EN. 

But it is also less : 
which is absurd. 

Therefore the cone AL is not to any solid less than the 
cone EN the circle ABCD is to the circle EFGH. 

Similarly we can prove that neither is the EN to 

any solid less than the cone AL as the circle EFGH is to the 
circle ABCD. 

I say next that neither is the cone AL to any solid greater 
than the cone EN as the circle ABCD is to the circle 

EFGH . ^ 

For, if possible, let it be in that ratio to a greater solid U ; 

therefore, inversely, as the circle EFGH is to the circle 
ABCD, so is the solid O to the cone AL. 

But, as the solid O is to the cone AL, so is the cone EN 
to some solid less than the cone AL ; 

therefore also, as the circle EFGH is to the circle ABCD, so 
is the cone EN to some solid less than the cone AL : 

which was proved impossible. 

Therefore the cone AL is not to any solid greater than 
the cone EN as the circle ABCD is to the circle EFGH. 

But it was proved that neither is it in this ratio to a less 
solid ,' 

therefore, as the circle ABCD is to the circle EFGH. so is 
the cone AL to the cone EN. 

But, as the cone is to the cone, so is the cylinder to the 
cylinder, 

for each is triple of each ; [xn- lo] 
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Therefore also, as the circle A BCD is to the circle 
EFGH^ so are the cylinders on them which are of equal 
height. 

Therefore etc. 

Q. E. D. 

We need not again repeat the preliminary construction of successive 
pyramids and prisms exhausting the cones and cylinders. 

Let Z, Z' be the volumes of the two cones, ^ their respective bases. 

If 

then must P : -Z : 

where O is either less or greater than Z\ 

I. Suppose, if possible, that O is less than Z\ 

Inscribe in Z' a pyramid (11') leaving over portions of it together less than 
(Z' - 0 )i i.e. such that 

z' > n' > a 

Inscribe in Z a pyramid II on a polygon inscribed in the circular base of 
Z similar to the polygon which is the base of n'. 

Now, if d' be the diameters of the bases, 

P:p^=:d^:d^^ [xii. 2] 

^ (polygon in /8) : (polygon in p') [xii. i] 

= n : n'. [xii. 6] 

Therefore Z: 61 = 0:0', 

and, alternately, Z : O = {? : O'. 

But Z > O, since it includes it ; 
therefore 61 > O'. 

But, by construction, C? < O' : 

which is impossible. 

Therefore 0 <^Z. 

II. Suppose, if possible, that 

p:P' = Z: 0 , 

where O is greater than Z'. 

Therefore P \PI - O’ \ Z\ 

where O' is some solid less than Z 

That is. p: \P^Z . 0 \ 

where O <Z, 

This is proved impossible exactly in the same way as the assumption in 
Part I. was proved impossible. 

Therefore Z has not either to a less solid than Z' or to a greater solid than 
Z' the ratio of P to p' ^ 

therefore P : P' = Z: Z. 

The same is true of the cylinders which are equal to 3Z, 3Z' respectively. 
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Proposition i 2. 

Similar cones and cylinders are to one another in the 
triplicate ratio of the diameters in their bases. 

Let there be similar cones and cylinders, 
let the circles A BCD, EFGH be their bases, BD, FH the 
diameters of the bases, and KL, MN the axes of the cones 
and cylinders ; 

I say that the cone of which the circle A BCD is the base and 
the point L the vertex has to the cone of which the circle 
EFGH is the base and the point N the vertex the ratio 
triplicate of that which BD has to FH. 



For, if the cone ABCDL has not to the cone EFGHN 
the ratio triplicate of that which BD has to FH, 

the cone ABCDL will have that triplicate ratio either to 
some solid less than the cone EFGHN or to a greater. 

First, let it have that triplicate ratio to a less solid O. 

Let the square EFGH be inscribed in the circle EFGH ; 

[IV, 6] 

therefore the square EFGH is greater than the half of the 
circle EFGH. 

Now let there be set up on the square EFGH ^ pyramid 
having the same vertex with the cone ; 

therefore the pyramid so set up is greater than the half part 
of the cone. 
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Let the circumferences EF, FG, GH, HE be bisected at 
the points P, Q, R, S, 

and let EP, PE, FQ, QG, GR, RH, HS, SE be joined. 

Therefore each of the triangles EPF, FQG, GRH, HSE 
is also greater than the half part of that segment of the circle 
EFGH which is about it. 

Now on each of the triangles EPF, FQG, GRH, HSE 
let a pyramid be set up having the same vertex with the cone; 
therefore each of the pyramids so set up is also greater than 
the half part of that segment of the cone which is about it. 

Thus, bisecting the circumferences so left, joining straight 
lines, setting up on each of the triangles pyramids having the 
same vertex with the cone, 
and doing this continually, 

we shall leave some segments of the cone which will be less 
than the excess by which the cone EFGHN exceeds the 
solid O. [x. i] 

Let such be left, and let them be the segments on EP, 
PF, FQ, QG, GR, RH, HS, SE ; 

therefore the remainder, the pyramid of which the polygon 
EPFQGRHS is the base and the point N the vertex, is 
greater than the solid O. 

Let there be also inscribed in the circle ABCD the 
polygon ATBUCVDW and similarly situated to the 
polygon EPFQGRHS, 

and let there be set up on the polygon ATBUCVDW a 
pyramid having the same vertex with the cone ; 

of the triangles containing the pyramid of which the polygon 
A7BUCVDW is the base and the point L the vertex let 
LBT be one, 

and of the triangles cpntaining the pyramid of which the 
polygon EPFQGRHS is the base and the point N the vertex 
let NFP be one ; 

and let KT, MP be joined. 

Now, since the cone ABCDL is similar to the cone 
EFGHN, 

therefore, as BD is to FH, so is the axis KL to the axis MN. 

[xi. Def. 24] 
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But, as BD is to FH, so is BK to FM ; 
therefore also, as BK is to FM, so is KL to MN . 

And, alternately, as BK is to KL, so is FM to MN. 

[v. i6] 

And the sides are proportional about equal angles, namely 
the angles BKL, FMN ; 

therefore the triangle BKL is similar to the triangle FMN. 

fvi. 6] 

Again, since, as BK is to KT, so is FM to MP, 
and they are about equal angles, namely the angles BKT, 
FMP, 

inasmuch as, whatever part the angle BKT is of the four 
right angles af the centre K, the same part also is the angle 
FMP of the four right angles at the centre M ; 
since then the sides are proportional about equal angles, 

therefore the triangle BKT \s similar to the triangle FMP . 

[vi. 6 ] 

Again, since it was proved that, as BK is to KL, so is FM 
to MN, 

while BK is equal to KT, and FM to PM, 

therefore, as TK is to KL, so is PM to MN ; 

and the sides are proportional about equal angles, namely 

the angles TKL, PMN, for they are right; 

therefore the triangle LKT is similar to the triangle NMP. 

[VI. 6] 

And since, owing to the similarity of the triangles LKB, 
NMF, 

as LB is to BK, so is NF to FM, 

and, owing to the similarity of the triangles BKT, FMP , 
as KB is to BT, so is MF to FP, 

therefore, ex aequali, as LB is to BT, so is NF to FP. [v. 22] 

Again since, owing to the similarity of the triangles L TK, 
NPM, 

as Z T' is to TK, so is NP to PM, 

and, owing to the similarity of the triangles TKB, PMF, 
as KT is to TB, so is MP to PF-, 

therefore, ex aequali, as ZZ is to TB, so is ATZ to PF. [v. 22] 
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But it was also proved that, as TB is to BL, so is PF 
to FN. 

Therefore, ex aequali, as TL is to LB, so is PN to NF. 

[v. 22] 

Therefore in the triangles LTB, NPF the sides are 
proportional ; 

therefore the triangles LTB, NPF equiangular; [vi. 5] 
hence they are also similar. [vi. Def. i] 

Therefore the pyramid of which the triangle BKT is the 
base and the point L the vertex is also similar to the pyramid 
of which the triangle FMP is the base and the point N the 
vertex, 

for they are contained by similar planes equal in multitude. 

[xi. Def. 9] 

But similar pyramids which have triangular bases are to 
one another in the triplicate ratio of their corresponding sides. 

[xii. 8] 

Therefore the pyramid BKTL has to the pyramid FMPN 
the ratio triplicate of that which BK has to FM. 

Similarly, by joining straight lines from A, W, D, V, C, U 
to K, and from E, S, H, R, G, Q to M, and setting up on 
each of the triangles pyramids which have the same vertex 
with the cones, 

we can prove that each of the similarly arranged pyramids 
will also have to each Similarly arranged pyramid the ratio 
triplicate of that which the corresponding side BK has to the 
corresponding side FM, that is, which BD has to FH. 

And, as one of the antecedents is to one of the conse- 
quents, so are all the antecedents to all the consequents ; 

[v. 12] 

therefore also, as the pyramid BKTL is to the pyramid 
FMPN, so is the whole pyramid of which the polygon 
A TBUCVDW 'x^ the base and the point L the vertex to the 
whole pyramid of which the polygon EPFQGRHS is the 
base and the point N the vertex ; 

hence also the pyramid of which A TB UCVDW is the base 
and the point L the vertex has to the pyramid of which the 
polygon EPFQGRHS is the base and the point N the 
vertex the ratio triplicate of that which BD has to FH. 

But, by hypothesis, the cone of which the circle ABCD 
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is the base and the point L the vertex has also to the solid 
O the ratio triplicate of that which BD has to FH ; 

therefore, as the cone of which the circle ABCD is the base 
and the point L the vertex is to the solid O, so is the pyramid 
of which the polygon A TB U C V D IF is the base and B the 
vertex to the pyramid of which the polygon EPFQGRHS is 
the base and the point N the vertex ; 

therefore, alternately, as the cone of which the circle ABCD 
is the base and Z the vertex is to the pyramid contained in 
it of which the polygon ATBUCVDIV is the base and L 
the vertex, so is the solid O to the pyramid of which the 
polygon EPFQGRHS is the base and N the vertex, [v. 16] 

But the said cone is greater than the pyramid in it ; 
for it encloses it. 

Therefore the solid O is also greater than the' pyramid of 
which the polygon EPFQGRHS is the base and H the 
vertex. 

But it is also less : 
which is impossible. 

Therefore the cone of which the circle ABCD is the base 
and L the vertex has not to any solid less than the cone of 
which the circle EFGH is the base and the point N the 
vertex the ratio triplicate of that which BD has to FH: 

Similarly we can prove that neither has the cone EFGHN 
to any solid less than the cone ABCDL the ratio triplicate 
of that which FH has to BD. 

I say next that neither has the cone ABCDL to any 
solid greater than the cone EFGHN the ratio triplicate of 
that which BD has to FH. 

For, if possible, let it have that ratio to a greater solid O. 

Therefore, inversely, the solid O has to the cone ABCDL 
the ratio triplicate of that which FH has to BD. 

But, as the solid O is to the cone ABCDL, so is the 
cone EFGHN to some solid less than the cone ABCDL. 

Therefore the cone EFGHN also has to some solid less 
than the cone ABCDL the ratio triplicate of that which FH 
has to BD : 

which was proved impossible. 
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Therefore the cone ABCDL has not to any solid greater 
than the cone EFGHN the ratio triplicate of that which BD 
has to FH. 

But it was proved that neither has it this ratio to a less 
solid than the cone FFGHN. 

Therefore the cone ABCDL has to the cone FFGHN 
the ratio triplicate of that which BD has to FH. 

But, as the cone is to the cone, so is the cylinder to the 
cylinder, 

for the cylinder which is on the same base as the cone and 
of equal height with it is triple of the cone; [xii. 10] 

therefore the cylinder also has to the cylinder the ratio 
triplicate of that which BD has to FH. 

Therefore etc. 

Q. E. D, 

The method of proof is precisely that of the previous proposition. The 
only addition is caused by the necessity of proving that, if similar equilateral 
polygons be inscribed in the bases of two similar cones, and pyramids be 
erected on them with the same vertices as those of the cones, the pyramids 
(are similar and) are to one another in the triplicate ratio of corresponding 
edges. 

Let KL, J/vVbe the axes of the cones, Z, iVthe vertices, and let BT, FP 
be sides of similar polygons inscribed in the bases. Join BK, TK, BL, TL, 
PM, FM, PN, FN. 




Now BKL, FMN are right-angled triangles, and, since the cones are 
similar, 

BK : KL = FM : MN. [xi. Def. 24] 
Therefore (i) BKL, FMJ\^ axe similar. [vi. 6] 

Similarly (2) As 7 ’Z'Z, ZWiV are similar. 

Next, in As BKT, FMP, the angles BKT, FMP axe equal, since each is 
the same fraction of four right angles ; and the sides about the equal angles are 
proportional ; 

therefore (3) As BKT, FMP axe similar. 
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Again, since from the similar As BKL, FMNy and the similar As BKTy 
FMP respectively, 

LB : BKr. NF\ FMy 
BK :BT^ MF.FFy 
ex aequaliy LB \ BT- NF : FP, 

Similarly LT:TB=^NP: PF 

Inverting the latter ratio and compounding it with the preceding one, we 

have, ex aequaliy 

LB:LT=:^NF:NP. 

Thus in A s Z TBy NPF ihe sides are proportional in pairs ; 
therefore (4) As LTBy NPFdxt similar. 

Thus the partial pyramids L-BKTy N-FMP are similar. 

In exactly the same way it is proved that all the other partial pyramids are 
similar. 

Now 

(pyramid L-BKT) : (pyramid N-FMP) - ratio triplicate of {BK\ FM\ 

The other partial pyramids are to one another in the same triplicate ratio. 

The sum of the antecedents is therefore to the sum of the consequents in 
the same triplicate ratio, 

i.e. (pyramid L-A TB U...) : (pyramid N~EPFQ . . . ) 

= ratio triplicate of ratio {BK : FM) 

= ratio triplicate of ratio {BD : FH\ 

[The fact that Euclid makes this transition from the partial pyramids to 
the whole pyramids in the body of this proposition seems to me to suggest 
grave doubts as to the genuineness of the Porism to xii. 8, which contains a 
similar but rather more general extension from the case of triangular pyramids 
to pyramids with polygonal bases. Were that Porism genuine, Euclid would 
hav^ been more likely to refer to it than to repeat here the same arguments 
which it contains.] . 

Now we are in a position to apply the method of exhaustion. 

If Xy X' be the volumes of the cones, dy d' the diameters of their bases, and if 
(ratio triplicate oi d \ d’)^X \ X\ 
then must (ratio triplicate oi d\d’)-X\ Oy 

where O is either less or greater than X', 

I. Suppose that O is less than X\ 

Construct in the way described a pyramid (11') in X' leaving over portions 
of X' together less than {X' - 0)y so that X' >U! > Oy 

and construct in a pyramid (n), with the same vertex as X has, on a 
polygon inscribed in its base similar to the base of n'. 

Then, by what has just been proved, 

11:11' = (ratio triplicate of d : d') 

= X \ Oyhy hypothesis, 
and, alternately, U \ X =1X \ O, 

But X includes, and is therefore greater than, n ; 
therefore (9 > □'. 

But, by construction, O <IV \ 

which is impossible. 

Therefore O cannot be less than X\ 
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II. Suppose, if possible, that 

(ratio triplicate of d ■. d') = X •. O, 
where O is greater than X' ; 

then (ratio triplicate of d-.d') =Z: X', 

or, inversely, (ratio triplicate of d' •. d) = X' : Z, 

where Z is some solid less than X. 

This is proved impossible by the exact method of Part I. 
Hence O cannot be either greater or "less than X', 
and X -.X' = (ratio triplicate of ratio d : d'). 


Proposition i 3. 

If a cylinder be cut by a plane which is parallel to its 
opposite planes, then, as the cylinder is to the cylinder, so will 
the axis be to the axis. 

For let the cylinder AD \>e. cut by the plane GH which 
is parallel to the opposite planes A By CD, 
and let the plane GH meet the axis at the point K ; 

I say that, as the cylinder BG is to the cylinder GD, so is- 
the axis EK to the axis KF. 



For let the axis EF be produced in both directions to the 
points L, M, 

and let there be set out any number whatever of axes EN, NL 
equal to the axis EK, 

and any number whatever FO, OM equal to EK ; 

and let the cylinder PW on. the axis LM be conceived of 

which the circles PQ, VlV are the bases. 

Let planes be carried through the points H, O parallel to 
AB, CD and to the bases of the cylinder PW, 
and let them produce the circles RS, TU about the centres 
N, O. 

Then, since the axes LN, HE, EK are equal to one 
another. 


H. E. III. 


27 
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therefore the cylinders QR, RB, BG are to one another as 
their bases. 

But the bases are equal ; 

therefore the cylinders QR, RB, BG are also equal to one 
another. 

Since then the axes LN, NE, EK are equal to one 
another, 

and the cylinders QR, RB, BG are also equal to one another, 
and the multitude of the former is equal to the multitude of 
the latter, 

therefore, whatever multiple the axis KL is of the axis EK, 
the same multiple also will the cylinder QG be of the 
cylinder GB. 

For the same reason, whatever multiple the axis MK \s 
of the axis KE, the .same multiple also is the cylinder JVG 
of the cylinder GE. 

And, if the axis KL is equal to the axis KM, the cylinder 
QG will also be equal to the cylinder GfV, 
if the axis is greater than the axis, the cylinder will also be 
greater than the cylinder, 
and if less, less. 

Thus, there being four magnitudes, the axes EK, KF 
and the cylinders BG, GD, 

there have been taken equimultiples of the axis EK and ot 
the cylinder BG, namely the axis LK and the cylinder QG, 
and equimultiples of the axis KF and of the cylinder GD, 
namely the axis KM and the cylinder G JV ; 
and it has been proved that, 

if the axis KL is in excess of the axis KM, the cylinder QG 
is also in excess of the cylinder G W, 
if equal, equal, 
and if less, less. 

Therefore, as the axis EK is to the axis KF, so is the 
cylinder BG to the cylinder GD. [v. Def. 5] 

Q. E. D. 

It is not necessary to reproduce the proof, as it follows exactly the method 
of VI. 1 and xi. 25. 

The fact that cylinders described about axes of equal length and having 
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equal bases are equal is inferred from xii. 1 1 to the effect that cylinders of 
equal height are to one another as their bases. 

That, of two cylinders with unequal axes but equal bases, the greater is 
that which has the longer axis is of course obvious either by application or by 
cutting off from the cylinder with the longer axis a cylinder with an axis of the 
same length as that of the other given cylinder. 


Proposition 14. 


Cones and cylinders which are on equal bases are to one 
another as their heights. 

For let EB, FD be cylinders on equal bases, the circles 
AB, CD ; 

I say that, as the cylinder EB is 
to the cylinder FD, so is the axis 
GH to the axis KL. 

For let the axis KL be pro- 
duced to the point K, 

let LN be made equal to the axis 
GH, 





and let the cylinder CM be conceived about LN as axis. 

Since then the cylinders EB, CM are of the same height, 
they are to one another as their bases. [xii. 1 1] 

But the bases are equal to one another ; 
therefore the cylinders EB, CM are also equal. 

And, since the cylinder FM has been cut by the plane 
CD which is parallel to its opposite planes, 

therefore, as the cylinder CM is to the cylinder FD, so is the 
axis LN to the axis KL. [xii. 13] 

But the cylinder CM is equal to the -cylinder EB, 
and the axis LN to the axis GH ; 

therefore, as the cylinder EB is to the cylinder FD, so is the 
axis GH to the axis KL. 


But, as the cylinder EB is to the cylinder FD, so is the 
cone ABG to the cone CDK. [xii. 10] 

Therefore also, as the axis GH is to the axis KL, so is 
the cone ABG to the cone CDK and the cylinder EB to the 
cylinder FD. q. e. d. 


No separate proposition corresponding to this is necessary in the case of 
parallelepipeds, for xi. 25 really contains the property corresponding to that in 
this proposition as well as the property corresponding to that in xii. 13. 


27 — 2 
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Proposition 15. 

In equal cones and cylinders the bases are reciprocally 
proportional to the heights ; and those cones and cylinders tn 
which the bases are reciprocally proportional to the heights are 
equal. 

Let there be equal cones and cylinders of which the circles 
A BCD, EFGH are the bases ; 
let AC, EGh^ the diameters of the bases, 
and KL, MN the axes, which are also the heights of the 
cones or cylinders ; 

let the cylinders A O, EP be completed. 

I say that in the cylinders AO, EP the bases are re- 
ciprocally proportional to the heights, 

that is, as the base A BCD is to the base EFGH, so is the 
height MN to the height KL. 



For the height LK \^ either equal to the height MN or 
not equal. 

First, let it be equal. 

Now the cylinder AO is also equal to the cylinder EP. 

But cones and cylinders which are of the same height are 
to one another as their bases ; [xn- n] 

therefore the base A BCD is also equal to the base EFGH. 

Hence also, reciprocally, as the base ABCD is to the base 
EFGH, so is the height MN to the height KL. 

Next, let the height LK not be equal x.o MN, 
but let MN be greater ; 

from the height MN let QN be cut off equal to KL, 
through the point Q let the cylinder EP be cut by the plane 
TUS parallel to the planes of the circles EFGH, RP, 
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and let the cylinder £S be conceived erected from the circle 
EFGH as base and with height NQ. 

Now, since the cylinder AO is equal to the cylinder EP, 
therefore, as the cylinder ^ (9 is to the cylinder ES, so is the 
cylinder EP to the cylinder ES. [v. 7] 

But, as the cylinder AO \s to the cylinder ES, so is the 
base A BCD to the base EFGH, 

for the cylinders AO, ES are of the same height ; [xii. n] 

and, as the cylinder EP is to the cylinder ES, so is the height 
MN to the height QN, 

for the cylinder EP has been cut by a plane which is parallel 
to its opposite planes. [xn. 13] 

Therefore also, as the base A BCD is to the base EFGH, 
so is the height MN to the height QN. [v. 1 1] 

But the height QN is equal to the height KL ; 

therefore, as the base A BCD is to the base EFGH, so is the 
height MN to the height KL, 

Therefore in the cylinders AO, EP the bases are re- 
ciprocally proportional to the heights. 

Next, in the cylinders AO, EP let the bases be reciprocally 
proportional to the heights, 

that is, as the base ABCD is to the base EFGH, so let the 
height MN be to the height KL ; 

I say that the cylinder AO is equal to the cylinder EP. 

For, with the same construction, 

since, as the base ABCD is to the base EFGH, so is the 

height MN to the height KL, 

while the height KL is equal to the height QN, 

therefore, as the base ABCD is to the base EFGH, so is the 

height MN to the height QN 

But, as the base ABCD is to the base EFGH, so is the 
cylinder AO to the cylinder ES, 

for they are of the same height ; [xn. 1 1] 

and, as the height MN is to QN, so is the cylinder EP to the 
cylinder ES ; [xn. 13] 

therefore, as the cylinder AO is to the cylinder ES, so is the 
cylinder EP to the cylinder ES. [v. u] 
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Therefore the cylinder AO \s equal to the cylinder EP. 

[v- 9] 

And the same is true for the cones also. 


Q. E. D. 


I. If the heights of the two cylinders are equal, and their volumes are 
equal, the bases are equal, since the latter are proportional to the volumes. 

[xii. ii] 

If the heights are not equal, cut off from the higher cylinder a cylinder of 
the same height as the lower. 

Then, if LKy the equal heights, 

we have, by xii. ii, 

(base ABCD) : (base EFGti) = (cylinder AO ) : (cylinder ES) 

= (cylinder EP ) : (cylinder ES\ 
by hypothesis, 

^MNiQN [xii. 13] 

= MN:KP 


II. In the converse part of the proposition, Euclid omits the case where 
the cylinders have equal heights. In this case of course the reciprocal ratios 
are both ratios of equality ; the bases are therefore equal, and consequently the 
cylinders. 

If the heights are not equal, we have, with the same construction as before, 
(base ABCD) : (base EFGJI) = MN : KB 

But [xii. ii] 

(base ABCD) : (base EFGH) - (cylinder AO ) : (cylinder ES\ 
and MN\KL^MN\QN 

= (cylinder EP) : (cylinder ES). [xii. 13] 

Therefore 

(cylinder A O ) : (cylinder ES) = (cylinder EP ) : (cylinder ES), 
and consequently (cylinder AO) = (cylinder EP). 

Similarly for the cones, which are equal to one-third of the cylinders 
respectively. 


LfCgendre deduces these propositions about cones and cylinders from two 
others which he establishes by a method similar 
to that adopted by him for the theorem of xii. 2 
(see note on that proposition). 

The first (for the cylinder) is as follows. 

The volume of a cylinder is equal to the 
product of its base by its height. 

Suppose CA to be the radius of the base of 
the given cylinder, h its height. 

For brevity let us denote by (surf. CA) the 
area of the circle of which CA is the radius. 

If (surf. CA) X ^ is not the measure of the 
given cylinder, it will be the measure of a 
cylinder greater or less than it. 

I. First let it be the measure of a less 
cylinder, that, for example, of which the circle with radius CD is the base, and 
h is the height. 
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Circumscribe about the circle with radius CD a regular polygon GHI,.. 
such that its sides do not anywhere meet the circle with radius CA. [See note 
on XII. 2, p. 393 above, for Legendre's lemma relating to this construction.] 

Imagine a prism erected on the polygon as base and with height A, 

Then (volume of prism) = (polygon GHI,..) x h. 

[Legendre has previously proved this proposition, first for a parallelepiped 
(by transforming it into a rectangular one), then for a triangular prism (half of 
a parallelepiped of the same height), and lastly for a prism with a polygonal 
bai^.] 

But (polygon (?Zf/*..) < (surf. CA). 

Therefore (volume of prism) < (surf. CA) x h 

< (cylinder on circle of rad. CD\ 

by hypothesis. 

But the prism is greater than the latter cylinder, since it includes it : 
which is impossible. 

11 . In order not to multiply figures let us, in this second case, suppose 
that CD is the radius of the base of the given cylinder, and that (surf. CD) x h 
is the measure of a cylinder greater than it, e.g. a cylinder on the circle with 
radius CA as base and of height h. 

Then, with the same construction, 

(volume of prism) = (polygon GHI..,) x h. 

And (polygon CAT/...) > (surf. CZ>). 

Therefore (volume of prism) > (surf. CD) x h 

> (cylinder on surf. CA\ by hypothesis. 

But the volume of the prism is also less than that cylinder, being included 
by it : 

which is impossible. 

Therefore (volume of cylinder) = (its base) x (its height). 

It follows as a corollary that 

Cylinders of the same height are to one another as their bases [xii. 13], and 
cylinders on the same base are to one another as their heights [xii. 14]. 

Also 

Similar cylinders are as the cubes of their heights^ or as the cubes of the 
diameters of their bases [Eucl. xii. 12]. 

For the bases are as the squares on their diameters; and, since the 
cylinders are similar, the diameters of the bases are as their heights. 

Therefore the bases are as the squares on the heights, and the bases 
multiplied by the heights, or the cylinders themselves, are as the cubes of the 
heights. 

I need not reproduce Legendre's proofs of the corresponding propositions 
for the cone. 

Proposition 16. 

Given two circles about the same centrey to inscribe in the 
greater circle an equilateral polygon with an even number of 
sides which does not touch the lesser circle. 
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Let ABCD, EFGH be the two given circles about the 
same centre K ; 

thus it is required to inscribe in the 
greater circle ABCD an equilateral 
polygon with an even number of 
sides which does not touch the circle 
EFGH. 

For let the straight line BKD 
be drawn through the centre K, 

and from the point G let GA be 
drawn at right angles to the straight 
line BD and carried through to C ; 

therefore AC touches the circle EFGH. [m- *6, Por.] 

Then, bisecting the circumference BAD, bisecting the 
half of it, and doing this continually, we shall leave a circum- 
ference less than AD. [x. i] 

Let such be left, and let it be LD ; 

from L let LM be drawn perpendicular to BD and carried 
through to N, 

and let LD, DN be joined ; 

therefore LD is equal to DN. [m- 3» 4] 

N ow, since LN is parallel to A C, 
and A C touches the circle EFGH, 
therefore LN does not touch the circle EFGH ; 
therefore LD, DN are far from touching the circle EFGH. 



If then we fit into the circle ABCD straight lines equal 
to the straight line LD and placed continuously, there will 
be inscribed in the circle ABCD an equilateral polygon with 
an even number of sides which does not touch the lesser 
circle EFGH. Q. e, f. 

It must be carefully observed that the polygon inscribed in the outer circle 
in this proposition is such that not only do its own sides not touch the inner 
circle, but also the chords, as LN, joining angular points next but one to each 
other do not touch the inner circle either. In other words, the polygon is the 
second in order, not the first, which satisfies the condition of the enunciation. 
This is important, because such a polygon is wanted in the next proposition ; 
hence in that proposition the exact construction here given must be followed. 
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Proposition 17. 

Given two spheres about the same centre, to inscribe in the 
greater sphere a polyhedral solid which does not touch the 
lesser sphere at its surface. 

Let two spheres be conceived about the same centre A ; 
thus it is required to inscribe in the greater sphere a poly- 
hedral solid which does not touch the lesser sphere at its 
surface. 


o 



Let the spheres be cut by any plane through the centre ; 
then the sections will be circles, 

inasmuch as the sphere was produced by the diameter 
remaining fixed and the semicircle being carried round it ; 

[xi. Def. 14] 

hence, in whatever position we conceive the semicircle to be, 
the plane carried through it will produce a circle on the 
circumference of the sphere. 

And it is manifest that this circle is the greatest possible. 
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inasmuch as the diameter of the sphere, which is of course 
the diameter both of the semicircle and of the circle, is greater 
than all the straight lines drawn across in the circle or the 
sphere. 

Let then BCDE be the circle in the greater sphere, 
and FGH the circle in the lesser sphere ; 
let two diameters in them, BD, CE. be drawn at right angles 
to one another ; 

then, given the two circles BCDE, FGH about the same 
centre, let there be inscribed in the greater circle BCDE an 
equilateral polygon with an even number of sides which does 
not touch the lesser circle FGH, 

let BK, KL, LM, ME be its sides in the quadrant BE. 
let KA be joined and carried through to N, 
let AO he set up from the point A at right angles to the 
plane of the circle BCDE, and let it meet the surface of the 
sphere at O, 

and through AO and each of the straight lines BD, KN let 
planes be carried ; 

they will then make greatest circles on the surface of the 
sphere, for the reason stated. 

Let them make such, 

and in them let BOD, KON be the semicircles on BD, KN. 

Now, since OA is at right angles to the plane of the circle 
BCDE, 

therefore all the planes through OA are also at right angles 
to the plane of the circle BCDE ; [xi. i8] 

hence the semicircles BOD, KON are also at right angles to 
the plane of the circle BCDE. 

And, since the semicircles BED, BOD, KON are equal, 
for they are on the equal diameters BD, KN, 
therefore the quadrants BE, BO, KO are also equal to one 
another. 

Therefore there are as many straight lines in the quadrants 
BO, KO equal to the straight lines BK, KL, LM, ME as 
there are sides of the polygon in the quadrant BE. 

Let them be inscribed, and let them be BP, PQ, QR, RO 
and KS, ST, TU, UO, 
let SP, TQ, UR be joined. 
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and from P, S let perpendiculars be drawn to the plane of the 
circle BCDE ; [xi. n] 

these will fall on BD, KN, the common sections of the planes, 
inasmuch as the planes of BOD, KON are also at right angles 
to the plane of the circle BCDE. [cf. xi. Def. 4] 

Let them so fall, and let them PV, S fV, 
and let IVP be joined. 

Now since, in the equal semicircles BOD, KON, equal 
straight lines BP, KS have been cut off, 
and the perpendiculars PV, S IV have been drawn, 
therefore PP is equal to S W, and BP to KW. [iii. 27, i. 26] 
But the whole BA is also equal to the whole KA ; 
therefore the remainder PA is also equal to the remainder IVA ; 
therefore, as is to PA, so is KJV to IVA ; 
therefore IVP is parallel to KB. [vi. 2] 

And, since each of the straight lines PP, SJV is at right 
angles to the plane of the circle BCDE, 
therefore PP is parallel toEfV. [xi. 6] 

But it was also proved equal to it ; 
therefore JVP, SP are also equal and parallel. [i. 33] 

And, since WP is parallel to SP, 
while WP is parallel to KB, 

therefore SP is also parallel to KB. [xi. 9] 

And BP, KS join their extremities ; 
therefore the quadrilateral KBPS is in one plane, 
inasmuch as, if two straight lines be parallel, and points be 
taken at random on each of them, the straight line joining the 
points is in the same plane with the parallels. [xi. 7] 

For the same reason 

each of the quadrilaterals SPQT, TQRU is also in one plane. 
But the triangle URO is also in one plane. [xi. 2] 

If then we conceive straight lines joined from the points 
P, S, Q, T, R, U to A, there will be constructed a certain 
polyhedral solid figure between the circumferences BO, KO, 
consisting of pyramids of which the quadrilaterals KBPS, 
SPQT, TQRU and the triangle URO are the bases and the 
point A the vertex. 
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And, if we make the same construction in the case of each 
of the sides KL, LM, ME as in the case of BK, and further 
in the case of the remaining three quadrants, 

there will be constructed a certain polyhedral figure in- 
scribed in the sphere and contained by pyramids, of which 
the said quadrilaterals and the triangle URO, and the others 
corresponding to them, are the bases and the point A the 
vertex, 

I say that the said polyhedron will not touch the lesser 
sphere at the surface on which the circle FGH is. 

Let AX be drawn from the point A perpendicular to the 
plane of the quadrilateral KBPS, and let it meet the plane at 
the point A" ; [xi. n] 

let XB, XK be joined. 

Then, since AX is at right angles to the plane of the 
quadrilateral KBPS, 

therefore it is also at right angles to all the straight lines 
which meet it and are in the plane of the quadrilateral. 

[xi. Def. 3] 

Therefore AX is at right angles to each of the straight 
lines BX, XK. 

And, since AB is equal to AK, 
the square on A B is also equal to the square on AK. 

And the squares on AX, XB are equal to the square 
on AB, 

for the angle at X is right ; [i- 47] 

and the squares on AX, XK are equal to the square on AK. 

[/</.] 

Therefore the squares on AX, XB are equal to the squares 
on AX, XK. 

Let the square on AX be subtracted from each ; 
therefore the remainder, the square on BX, is equal to the 
remainder, the square on XK ; 
therefore BX is equal to XK. 

Similarly we can prove that the straight lines joined 
from Xvo P, S are equal to each of the straight lines BX, 
XK. 



PROPOSITION 17 


4*9 


xii. 17] 

Therefore the circle described with centre X and distance 
one of the straight lines XB, XK will pass through P, S also, 
and KBPS will be a quadrilateral in a circle. 

Now, since KB is greater than WV, 
while WV \s equal to SP, 
therefore KB is greater than SP. 

But KB is equal to each of the straight lines KS, BP ; 
therefore each of the straight lines KS^ BP is greater than SP> 
And, since KBPS is a quadrilateral in a circle, 
and KB, BP, KS are equal, and PS less, 
and BX is the radius of the circle, 

therefore the square on KB is greater than double of the 
square on BX. 

Let KZ be drawn from K perpendicular to B V. 

Then, since BD is less than double of DZ, 
and, as BD is to DZ, so is the rectangle DB, BZ to the 
rectangle DZ, ZB, 

if a square be described upon BZ and the parallelogram on 
ZD be completed, 

then the rectangle DB, BZ is also less than double of the 
rectangle DZ, ZB. 

And, if KD be joined, 

the rectangle DB, BZ is equal to the square on BK, 

and the rectangle DZ, ZB equal to the square on KZ ; 

[m. 31, VI. 8 and Por.] 

therefore the square on KB is less than double of the square 
on KZ. 

But the square on KB is greater than double of the square 
on BX -, 

therefore the square on KZ is greater than the square on BX. 

And, since BA is equal to KA, 
the square on BA is equal to the square on AK. 

And the squares on BX, XA are equal to the square on BA, 
and the squares on KZ, ZA equal to the square on KA ; 

[«• 47] 

therefore the squares on BX, XA are equal to the squares on 
KZ. ZA, 
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and of these the square on KZ is greater than the square 
on BX : 

therefore the remainder, the square on ZA, is less than the 
square on XA. 

Therefore is greater than AZ ; 
therefore AX is much greater than AG. 

And AX is the perpendicular on one base of the poly- 
hedron, 

and AG on the surface of the lesser sphere ; 

hence the polyhedron will not touch the lesser sphere on its 

surface. 

Therefore, given two spheres about the same centre, a 
polyhedral solid has been inscribed in the greater sphere 
which does not touch the lesser sphere at its surface. 

Q. E. F. 

PoRisM. But if in another sphere also a polyhedral solid 
be inscribed similar to the solid in the sphere BCDE, 

the polyhedral solid in the sphere BCDE has to the poly- 
hedral solid in the other sphere the ratio triplicate of that 
which the diameter of the sphere BCDE has to the diameter 
of the other sphere. 

For, the solids being divided into their pyramids similar 
in multitude and arrangement, the pyramids will be similar. 

But similar pyramids are to one another in the triplicate 
ratio of their corresponding sides ; [xii. 8 , Por.] 

therefore the pyramid of which the quadrilateral KBPS is 
the base, and the point A the vertex, has to the similarly 
arranged pyramid in the other sphere the ratio triplicate of 
that which the corresponding side has to the corresponding 
side, that is, of that which the radius AB of the sphere about 
A as centre has to the radius of the other sphere. 

Similarly also each pyramid of those in the sphere about 
A as centre has to each similarly arranged pyramid of those 
in the other sphere the ratio triplicate of that which AB has 
to the radius of the other sphere. 

And, as one of the antecedents is to one of the conse- 
quents, so are all the antecedents to all the consequents ; 

[v. 12] 
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hence the whole polyhedral solid in the sphere about A as 
centre has to the whole polyhedral solid in the other sphere 
the ratio triplicate of that which AB has to the radius of the 
other sphere, that is, of that which the diameter BD has to 
the diameter of the other sphere. 

Q. E. D. 

This proposition is of great length and therefore requires summarising in 
order to make it easier to grasp. Moreover there are some assumptions in it 
which require to be proved, and some omissions to be supplied. The figure 
also is one of some complexity, and, in addition, the text and the figure treat 
two points Z and F, which are really one and the same, as different. 

The first thing needed is to know that all sections of a sphere by planes 
through the centre are circles and equal to one another (great circles or 
“ greatest circles as Euclid calls them, more appropriately). Euclid uses his 
definition of a sphere as the figure described by a semicircle revolving about 
its diameter. This of course establishes that all planes through the particular 
diameter make equal circular sections ; but it is also assumed that the same 
sphere is generated by any other semicircle of the same size and with its 
centre at the same point. 


O 



The construction and argument of the proposition may be shortly given 
as follows. 

A plane through the centre of two concentric spheres cuts them in great 
circles of which BEy 6^/^ are quadrants. 

A regular polygon with an even number of sides is inscribed (exactly as in 
Prop. 16) to the outer circle such that its sides do not touch the inner circle. 
BEy KLy LMy Af E are the sides in the quadrant BE. 
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AO is drawn at right angles to the plane ABE^ and through AO are 
drawn planes passing through Ky Ly My Ey etc., cutting the sphere in great 
circles. 

OB, OK axt quadrants of two of these great circles. 

As these quadrants are equal to the quadrant BEy they will be divisible 
into arcs equal in number and magnitude to the arcs BKy KLy LMy ME, 

Dividing the other quadrants of these circles, and also all the quadrants of 
the other circles through OAy in this way we shall have in all the circles a 
polygon equal to that in the circle of which BE is a quadrant. 

BPy PQy QP, RO and KSy STy TUy UO are the sides of these polygons 
in the quadrants BOy KO, 

Joining PSy QTy RUy and making the same construction all round the 
circles through AOy we have a certain polyhedron inscribed in the outer 

sphere. ^ a ly 

Draw PV perpendicular to AB and therefore (since the planes OABy 

BAE are at right angles) perpendicular to the plane BAE ; [xi. Def. 4] 
draw 5 PF perpendicular to ^ AT and therefore (for a like reason) perpendicular 
to the plane BAE. 

Draw KZ perpendicular to BA, (Since BK - BPy and DB . BV- BF ^ , 
DB,BZ-=^ BfPy it follows that BV=^ BZy and Z, V coincide.) 

Now, since ls PAVy SA Wy being angles subtended at the centre by 
equal arcs of equal circles, are equal, 
and since l s PVAy SWA are right, 

while AS-APy 

As PA Vy SA Ware equal in all respects, [1. 26J 

and AP=AW, 

Consequently AB : A F— AK : AW; 

and VWy BK are parallel. 

But PVy SW are parallel (being both perpendicular to one plane) and 
equal (by the equal As PA Vy SA W)y 
therefore VWy PS are equal and parallel. 

Therefore BK (being parallel to VW) is parallel to PS, 

Consequently (i) BPSK is a quadrilateral in one plane. 

Similarly the other quadrilaterals PQTSy QRUT are in one plane; and 
the triangle OR U is in one plane. 

In order now to protfe that the plane BPSK does not anywhere touch the 
Inner sphere we have to prove that the shortest distance from A to the plane 
s greater than KLy which by the construction in xii. 16 is greater than AG. 

Draw AX perpendicular to the plane BPSK, 

Then AX^ ^ XB^ ^ AX^ ^ XK'^ ^ AX^ ^ XS^ = AX^ ^ XF ^ ABTy 
whence XB = XK — XS — XP 

or (2) the quadrilateral BPSK is inscribable in a circle with X as centre and 
radius XB, 

Now BK> VW 

> PS ; 

therefore in the quadrilateral BPSK three sides BKy BPy KS are equal, but 
PS is less. 

Consequently the angles about X are three equal angles and one smaller 
angle; 
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therefore any one of the equal angles is greater than a right angle, i.e. l BXK 
is obtuse. 

Therefore (3) BK'‘>2BX\ [n- 12J 

Next, consider the semicircle BKD with XZ drawn perpendicular to BD. 

We have BB-< 2DZ, 

so that DB .BZ<2DZ. ZB, 

or BK-^ < 2KZ^-, 

therefore, a fortiori, [by (3) above] 

( 4 ) BX^ < KZ^. 

Now AK' = AB^-, 

therefore AZ"^ + ZA'* = AX^^ + XB^. 

And BX-^<XZ^; 

therefore AX^> AZ\ 

or (5) ZX > AZ. 

But, by the construction in xii. 16, AZ> AG ; therefore, a forhort, 
AX>AG. 

And, since the perpendicular AX is the shortest distance from A to the 
plane BPSX, 

(6) the plane BPSX does not anywhere meet the inner sphere. 


Euclid omits to prove that, a fortiori, the other quadrilaterals PQTS, 
QRUT, and the triangle ROU, do not anywhere meet the inner sphere. 

For this purpose it is only necessary to show that the radii of the circles 
circumscribing BPSX, PQTS, QRUT and ROU in descending order of 
magnitude. 



We have therefore to prove that, if A BCD, A' BCD' are two quadrilaterals 
inscribable in circles, and 

AD=BC=A'D = B'C, 


while AB is not greater than AD, A'B = CD, and AB> CD > CD, 
then the radius OA of the circle circumscribing the first quadrilateral is greater 
than the radius O' A' of the circle circumscribing the second. 

Clavius, and Sinison after him, prove this by reductio ad absurdum. 


(i) liOA^OA', 

it follows that l s AOD, BOC, A'O D, BC C are all equal. 

Also ^ X OB > t- A' O B , 

L.COD>LCaD, 

whence the four angles about O are together greater than the four angles 
about O, i.e. greater than four right angles ; 
which is impossible. 


II. E. HI. 


38 
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(2) lfO'A'>OA, 

cut off from a A', OB', OC, OD lengths equal to OA, and draw the inner 
quadrilateral as shown in the figure {XYZfV). 

Then AB>A'B*XY, 

CD> c'iy>zw, 

AD = A'D> WX, 

BC=BC'> YZ. 

Consequently the same absurdity as in (i) follows a fortiori. 

Therefore, since OA is neither equal to nor less than OA', 

OA > a A'. 

The fact is also sufficiently clear if we draw MO, NO bisecting DA, DC 
perpendicularly and therefore meeting in 0 , the centre of the circumscribed 
circle, and then suppose the side DA with the perpendicular MO to turn 
inwards about D as centre. Then the intersection of MO and NO, as B, will 
gradually move towards N. 

Simson gives his proof as “Lemma 11.” immediately before xii. 17. 
He adds to the Porism some words explaining how we may construct a 
similar polyhedron in another sphere and how we may prove that the 
polyhedra are similar. . . 

The Porism is of course of the essence of the matter because it is the 
porism which as much as the construction is wanted in the next proposition. 
It would therefore not have been amiss to include the Porism in the enuncia- 
tion of XII. 1 7 so as to call attention to it 


Proposition 18. 

Spheres are to one another in the triplicate ratio of their 
respective diameters. 

Let the spheres ABC, DEF be conceived, 
and let BC, EF be their diameters ; 

I say that the sphere ABC has to the sphere DEF the ratio 
triplicate of that which BC has to EF. 

Foi, if the sphere ABC has not to the sphere DEF the. 
ratio triplicate of that which BC has to EF, 
then the sphere ABC will have either to some less sphere 
than the sphere DEF, or to a greater, the ratio triplicate of 
that which BC has to EF. 

First, let it have that ratio to a less sphere GHK, 
let DEF\i^. conceived about the same centre with GHK, 
let there be inscribed in the greater sphere DEF a poly- 
hedral solid which does not touch the lesser sphere GHK at 
its surface, [xn. 17] 
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and let there also be inscribed in the spnere ABC a poly- 
hedral solid similar to the polyhedral solid in the sphere DEF; 

therefore the polyhedral solid in ABC has to the polyhedral 
solid in DEF the ratio triplicate of that which BC hz.s to EF. 

[xii. 17, Por.] 



But the sphere ABC also has to the sphere GHK the 
ratio triplicate of that which BC has to EF\ 

therefore, as the sphere ABC is to the sphere GHK, so is 
the polyhedral solid in the sphere ABC to the polyhedral 
solid in the sphere DEF\ 

and, alternately, as the sphere ABC is to the polyhedron in 
it, so is the sphere GHK to the polyhedral solid in the 
sphere DEF. [v- 

But the sphere ABC is greater than the polyhedron in it ; 

therefore the sphere GHK is also greater than the polyhedron 
in the sphere DEF. 

But it is also less, 
for it is enclosed by it. 

Therefore the sphere ABC has not to a less sphere than 
the sphere DEF the ratio triplicate of that which the diameter 
BC has to EF. 


28 — 2 
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Similarly we can prove that neither has the sphere DEF 
to a less sphere than the sphere ABC the ratio triplicate of 
that which EF has to BC. 

I say next that neither has the sphere ABC to any greater 
sphere than the sphere DEF the ratio triplicate of that which 
BC has to EF. 

For, if possible, let it have that ratio to a greater, LMN ; 

therefore, inversely, the sphere LMN has to the sphere ABC 
the ratio triplicate of that which the diameter EF has to the 
diameter BC. 

But, inasmuch as LMN is greater than DEF, 

therefore, as the sphere LMN is to the sphere ABC, so is the 
sphere DEF to some less sphere than the sphere ABC, as 
was before proved. L^n. 2, Lemma] 

Therefore the sphere DEF also has to some less sphere 
than the sphere ABC the ratio triplicate of that which EF 
has to BC : 

which was proved impossible. 

Therefore the sphere ABC has not to any sphere greater 
than the sphere DEF the ratio triplicate of that which BC 
has to EF. 

But it was proved that neither has it that ratio to a less 
sphere. 

Therefore the sphere ABC has to the sphere DEF the 
ratio triplicate of that which BC has to EF. 

Q. E. D. 

It is the method of this proposition which Legendre adopted for his proof 
of XII. 2 (see note on that proposition). 

The argument can be put very shortly. We will suppose S, S' to be the 
volumes of the spheres, and d, d' to be their diameters; and we Will for brevity 
express the triplicate ratio of d to d' by d * : d''^. 

If d^ .d'* ^ S -.S', 

then d^.d'^^S.T, 

where T is the volume of some sphere either greater or less than S'. 

I. Suppose, if possible, that T < S'. 

Let 7 ’ be supposed concentric with S'. 

As in XII. 17, inscribe a polyhedron in S' such that its faces do not any- 
where touch T\ 

and inscribe in .S' a polyhedron similar to that in S' . 
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S:T=(P:d^^ 

= (polyhedron in S) : (polyhedron in S'); 

or, alternately, 

S : (polyhedron in S)= T: (polyhedron in 5'). 

And > (polyhedron in 5) ; 

therefore T> (polyhedron in S'). 

But, by construction, T < (polyhedron in S ') : 
which is impossible. 

Therefore T ^ S'. 

II. Suppose, if possible, that T> S'. 

Now (i^:d'^ = S:T 

= X:S', 

where X is the volume of some sphere less than S^ [xii. 2 , Lemma] 

or, inversely, : iP = S' : X^ 

where X <S. 

This is proved impossible exactly as in Part I. 

Therefore Tlf^S'. 

Hence T, not being greater or less than S'y is equal to it, and 

d^:d'^ = S:S'. 
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HISTORICAL NOTE. 

I Have already given, in the note to iv. lo, the evidence upon which the 
construction of the five regular solids is attributed to the Pythagoreans. Some 
of them, the cube, the tetrahedron (which is nothing but a pyramid), and the 
octahedron (which is only a double pyramid with a square base), cannot but 
have been known to the Egyptians. And it appears that dodecahedra have 
been found, of bronze or other material, which may belong to periods earlier 
than Pythagoras’ time by some centuries (for references see Cantor’s Geschichte 
der Mathematik ij, pp. 175 — 6). 

It is true that the author of the scholium No. i to Eucl. xiii. says that the 
Book is about “the five so-called Platonic figures, which however do not 
belong to Plato, three of the aforesaid five figures being due to the Pythagoreans, 
namely the cube, the pyramid and the dodecahedron, while the octahedron 
and the icosahedron are due to Theaetetus.” This statement (taken probably 
from Geminus) may perhaps rest on the fact that Theaetetus was the first to 
write at any length about the two last-mentioned solids. We are told indeed 
by Suidas (s. v. ©coitt/tos;) that Theaetetus “ first wrote on the ‘ five solids ’ as 
they are called.” This no doubt means that Theaetetus was the first to write 
a complete and systematic treatise on all the regular solids; it .does not 
exclude the possibility that Hippasus or others had already written on the 
dodecahedron. The fact that Theaetetus wrote upon the regular solids agrees 
very well with the evidence which we possess of his contributions to the 
theory of irrationals, the connexion between which and the investigation of 
the regular solids is seen in Euclid’s Book xiii. 

Theaetetus flourished about 380 b.c., and his work on the regular solids 
was soon followed by another, that of Aristaeus, an elder contemporary of 
Euclid, who also wrote an important book on Solid Loci^ i.e. on conics treated 
as loci. This Aristaeus (known as “the elder”) wrote in the period about 
320 B.C. We hear of his Comparison of the five regular solids from Hypsicles 
(2nd cent B.C.), the writer of the short book commonly included in the editions 
of the Elements as Book xiv. Hypsicles gives in this Book some six proposi- 
tions supplementing Eucl xiii. ; and he introduces the second of the 
propositions (Heiberg’s Euclid, Vol. v. p. 6) as follows: 

“ The same circle circumscribes both the pentagon of the dodecahedron and the 
triangle of the icosahedron when both are inscribed in the same sphere. This is 
proved by Aristaeus in the book entitled Comparison of the five figures J' 
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Hypsicles proceeds (pp. 7 sqq.) to give a proof of this theorem. Allman 
pointed OMi {Greek Geometry from Thales to Euclid^ 1889, pp. 201 — 2) that this 
proof depends on eight theorems, six of which appear in Euclid^s Book xiii. 
(in Propositions 8, 10, 12, 15, 16 with Por., 17); two other propositions not 
mentibned by Allman are also used, namely xiii. 4 and 9. This seems, as 
Allman says, to confirm the inference of Bretschneider (p. 171) that, as 
Aristaeus’ work was the newest and latest in which, before Euclid^s time, this 
subject was treated, we have in Eucl. xin. at least a partial recapitulation of 
the contents of the treatise of Aristaeus. 

After Euclid, Apollonius wrote on the comparison of the dodecahedron 
and the icosahedron inscribed in one and the same sphere. This we also 
learn from Hypsicles, who says in the next words following those about 
Aristaeus above quoted: “But it is proved by Apollonius in the second 
edition of his Comparison of the dodecahedron with the icosahedron that, as the 
surface of the dodecahedron is to the surface of the icosahedron [inscribed 
in the same sphere], so is the dodecahedron itself [i.e. its volume] to the 
icosahedron, because the perpendicular is the same from the centre of the 
sphere to the pentagon of the dodecahedron and to the triangle of the 
icosahedron.” 
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Proposition i. 

If a straight line be cut in extreme and mean ratio, the 
square on the greater segment added to the half of the whole 
is five times the square on the half. 

For let the straight line AB be cut in extreme and mean 
ratio at the point C, 
and \etAC be the greater segment ; 
let the straight line AD he pro- 
duced in a straight line with CA, 
and let AD he made half o{ A B ; 

I say that the square on CD is 
five times the square on AD. 

For let the squares AE, DF 
be described on AB, DC, 
and let the figure in DF be drawn ; 
let FC be carried through to G. 

Now, since AB has been cut in 
extreme and mean ratio at C, 
therefore the rectangle AB, BC is 
equal to the square on A C. 

[vi, Def. 3, VI. 17] 

And CE is the rectangle AB, BC, and FH the square 
on AC\ 

therefore CE is equal to FH. 

And, since BA is double of AD, 
while BA is equal to KA, and AD to AH, 
therefore KA is also double of AH. 

But, as KA is to AH, so is CK to CH\ [vi. i] 

therefore CK is double of CH. 

But LH, HC are also double of CH. 

Therefore KC is equal to LH, HC. 
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But CE was also proved equal to HF\ 
therefore the whole square AE is equal to the gnomon MNO. 

And, since BA is double of AD, 
the square on BA is quadruple of the square on AD, 
that is, A£ is quadruple of DH. 

But AE is equal to the gnomon MNO ; 
therefore the gnomon MNO is also quadruple of A P ; 
therefore the whole DF is five times AP. 

And DF is the square on DC, and AP the square on DA ; 
therefore the square on CD is five times the square on DA. 

Therefore etc. 

Q. E. D. 

The first five propositions are in the nature of lemmas, which are required 
for later propositions but are not in themselves of much importance.^ 

It will be observed that, while the method of the propositions is that of 
Book II., being strictly geometrical and not algebraical, none of the results of 
that Book are made use of (except indeed in the Lemma to xiii. 2, which is 
probably not genuine). It would therefore appear as though these propositions 
were taken from an earlier treatise without being revised or rewritten in the 
light of Book n. It will be remembered that, according to Proclus (p. 67, 6), 
Eudoxus “ greatly added to the number of the theorems which originated with 
Plato regarding the section" (i.e. presumably the "golden section”); and it is 
therefore probable that the five theorems are due to Eudoxus. 

That, if AB is divided at C in extreme and mean ratio, the rectangle 
AB, BC is equal to the square on ^Cis inferred from vi. 17. 

AD is made equal to half AB, and we have to prove that 
(sq. on CZ?) = 5 (sq. on AD). 

The figure shows at once that 

OlCH=aHL, 

so that OjCH+CJirL^iiCJCir) 

= CJAG. 

Also sq. HF= (sq. on AC) 

= rect. AB, BC 
= CE. 

By addition, 

(gnomon MNO) = sq. on AB 

= 4 (sq. on AD ) ; 

whence, adding the sq. on AD to each, we have 
(sq. on CD) = S (sq. on AD). 

The result here, and in the next propositions, 
is really seen more readily by means of the figure 
of II. II. 

In this figure SX = AC+^AB, by construction; 
and we have therefore to prove that 

(sq. on SE) = 5 (sq. on AE). 
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This is obvious, for 

(sq. on SjR) = (sq. on J^B) 

- sum of sqs. on AB, AB 

- S (sq* on AB), 

The MSS. contain a curious addition to xiii. 1—5 in the shape of analyses 
and syntheses for each proposition prefaced by the heading : 

“ What is analysis and what is synthesis. 

“ Analysis is the assumption of that which is sought as if it were admitted 
<and the arrival > by means of its consequences at something admitted to 
be true. ... . , 

** Synthesis is an assumption of that which is admitted < and the arnval > 
by means of its consequences at something admitted to be tnie.'' 

There must apparently be some corruption in the text ; it does not, in the 
case of synthesis, give what is wanted. B and V have, instead of “ something 
admitted to be true,” the words “the end or attainment of what is sought” 
The whole of this addition is evidently interpolated. To begin with, the 
analyses and syntheses of the five propositions are placed all together in four 
MSS. ; in P, q they come after an alternative proof of xiii. 5 (which alternative 
proof P gives after xiii. 6, while q gives it instead of xiii. 6), in B (which has 
not the alternative proof of xiii. 5) after xiii. 6, and in b (in which xiii. 6 is 
wanting, and the alternative proof of xiii. 5 is in the margin, in the first hand) 
after xiii. 5, while V has the analyses of i — 3 in the text after xiii. 6 and 
those of 4 — 5 in the same place in the margin, by the second hand*. - Further, 
the addition is altogether alien from the plan and manner of the Elements, 
The interpolation took place before Theon's time, and the probability is that 
it was originally in the margin, whence it crept into the text of P after xin. 5. 
Heiberg (after Bretschneider) suggested in his edition (Vol. v. p. Ixxxiv.) that 
it might be a relic of analytical investigations by Theaetetus or Eudoxus, and 
he cited the remark of Pappus (v. p. 410) at the beginning of his 
“comparisons of the five [regular solid] figures which have an equal surface,” 
to the effect that he will not use “the so-called analytical invptigation by 
means of which some of the ancients effected their demonstrations.” More 
recently {Faralipomena zu Euklid in Hermes xxxviii., 1903) Heiberg con- 
jectures that the author is Heron, on the ground that the sort of analysis and 
synthesis recalls Heron’s remarks on analysis and synthesis in his commentary 
on the beginning of Book ii. (quoted by an-Nairizi, ed. Curtze, p. 89) and his 
quasi-algebraical alternative proofs of propositions in that Book. 

To show the character of the interpolated matter I need only give the 
analysis and synthesis of one proposition. In the case of xiii. i it is in 
substance as follows. The figure is a mere 

straight line. DA OB 

Let AB be divided in extreme and mean ’ 

ratio ait C, AC being the greater segment ; 
and let AD = ^ AB, 

I say that (sq. on CD) = 5 (sq. on AD), 

(Analysis.) 

“ For, since (sq. on CD) = 5 (sq. on AD)^^ 

and (sq. on CD) = (sq. on CA) + (sq. on AD) + 2 (rect. CA^ AD), 
therefore (sq. on CA) + 2 (rect CA, AD) = ^ (sq. on AD), 

But rect. BA .AC -2 (rect. CA , AD), 

and (sq. on CA) = (rect. AB, BC), 
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Therefore 

(rect AC) + (reel. AB, BC) = 4(sq. on AD)^ 
or (sq. on AB) = 4 (sq. on AD ) : 

and this is true, since AD = ^AB. 

(Synthesis.) 

Since (sq. on AB) = 4 (sq. on AD), 

and (sq. on AB) = (rect. BA, AC) + (rect. AB, BC), 

therefore 4 (sq. on AD) = 2 (rect. DA, AC) + sq. on A C. 

Adding to each the square on AD, we have 

(sq. on CD) = 5 (sq. on AD). 

Proposition 2. 

/y the square on a straight line be five times the square on 
a segment of it, then, when the double of the said segment is cut 
in extreme and mean ratio, the greater segment is the remaining 
part of the original straight line. 

For let the square on the straight line AB be five times 
the square on the segment A C 
of it, 

and let CD be double oi AC •, 

I say that, when CD is cut in extreme 
and mean ratio, the greater segment 
is CB. 

Let the squares AF, CG be de- 
scribed on AB, CD respectively, 
let the figure in AFhe drawn, 
and let BF be drawn through. 

Now, since the square on BA is 
five times the square on AC, 

AF is five times A/f. 

Therefore the gnomon MNO is 
quadruple of AH. 

And, since DC is double of CA, 
therefore the square on DC is quadruple of the square on CA, 
that is, CG is quadruple oi AH. 

But the gnomon MN O was also proved quadruple of AH\ 
therefore the gnomon MNO is equal to CG. 

And, since DC is double of CA, 
while DC is equal to CK, and AC to CH, 
therefore KB is also double of BH. [vi. i]. 
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But LH, HB are also double of HB ; 
therefore KB is equal to LH, HB. 

But the whole gnomon MNO was also proved equal to 
the whole CG ; 

therefore the remainder HF is equal to BG. 

And BG is the rectangle CD, DB, 
for CD is equal to DG ; 
and HF is the square on CB ; 

therefore the rectangle CD, DB is equal to the square on CB. 
Therefore, as DC is to CB, so is CB to BD. 

But DC is greater than CB ; 
therefore CB is also greater than BD. 

Therefore, when the straight line CD is cut in extreme and 
mean ratio, CB is the greater segment. 

Therefore etc. 

Q. E. D, 


Lemma. 

That the double o( AC is greater than BC is to be proved 
thus. 

If not, let BC be, if possible, double of CA. 

Therefore the square on BC is quadruple of the square 
on CA ; 

therefore the squares on BC, CA are five times the square 
on CA. 

But, by hypothesis, the square on BA is also five times 
the square on CA ; 

therefore the square on BA is equal to the squares on BC, CA : 
which is impossible. [ii. 4] 

Therefore CB is not double of A C. 

Similarly we can prove that neither is a straight line less 
than CB double of CA ; 
for the absurdity is much greater. 

Therefore the double oi AC is greater than CB. 

Q. E. D. 

This proposition is the converse of Prop. i. We have to prove that, if 
AB be so divided at C that 

(sq. on AB) - 5 (sq. on AC), 

and if CD = 3 A C, 

then (rect. CD, DB) = (sq. on CB). 
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Subtract from each side the sq. on AC; 
then (gnomon MNO) - 4 (sq. on AC) 

= (sq. on CD), 

Now, as in the last proposition, 

CJ CE^2{njBH) 

^ EJ BH ^ CJ HL, 

Subtracting these equals from the equals, the square on CD and the 
gnomon MNO respectively, we have 

CJ BG- (square 

i.e. (rect. C/>, DB) = (sq. on CB), 

Here again the proposition can readily be proved by means of a figure 
similar to that of ii. ii. 

Draw CA through C at right angles to CB and of length equal to CA in 
the original figure ; make CD double of CA ; 
produce AC to B so that CB = CB, 

Complete the squares on CB and CD, and 
join AD, 

Now we are given the fact that 

(sq. on A B) = s CA), 

But 

5 (sq. on A C) - (sq. on AC)-^ (sq. on CD) 

= (sq. on AD), 

Therefore 

(sq. on AB) = (sq. on AD), 
or AB = AD, 

Now 

(rect. NB, BC)-¥ (sq. on AC)-{sq, on AB) 

= (sq. on AD) 

= (sq. on AC) + (sq. on CD), 

Therefore (rect. NB , BC) = (sq. on CD), 

That is, (rectangle BE) = (square CG), 

Subtract the common part CE, 
and (rect. BG) = (sq. BB), 

or rect. CD, DB = (sq. on CB), 

Heiberg, with reason, doubts the genuineness of the Lemma following this 
proposition. 



Proposition 3. 

If a straight line be cut in extreme and mean ratio, the 
square on the lesser segment added to the half of the greater 
segment is five times the square on the half of the greater 
segment. 
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For let any straight line AB be cut in extreme and mean 
ratio at the point C, 

let be the greater segment, ^ p q b 

and let AC he bisected at D ; | 

I say that the square on BD is y/ 

five times the square on DC. -y/p 

For let the square AB be r ^ -] ^ 

described on AB, X 

and let the figure be drawn / 

double. 7fe F " 

Since AC \s double of DC, X 

therefore the square on AC is IZ i 1, 

quadruple of the square on DC, 
that is, RS is quadruple of FG. 

And, since the rectangle AB, BC is equal to the square 
on AC, 

and CE is the rectangle AB, BC, 
therefore CE is equal to RS. 

But RS is quadruple of FG ; 
therefore CE is also quadruple of FG, 

Again, since AD is equal to DC, 

HK is also equal to KF. 

Hence the square GF is also equal to the square HL. 
Therefore GK is equal to KL, that is, MN to ; 
hence MF is also equal to FE. 

But MF is equal to CG ; 
therefore CG is also equal to FE. 

Let CN be added to each ; 


therefore the gnomon OPQ is equal to CE. 

But CE was proved quadruple of GF', 
therefore the gnomon OPQ is also quadruple of the square FG, 

Therefore the gnomon OPQ and the square FG are 
five times FG. 

But the gnomon OPQ and the square FG are the 
square DN, 

And DN is the square on DB, and 6^/^ the square on DC. 

Therefore the square on DB is five times the square 
on DC. Q. E. D. 
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In this case we have 


(sq. on BD) = (sq. FG) + (rect CG) + (rect. CN) 

- (sq. FG) + (rect. FE) + (rect. CN) 

= (sq. FG) + (rect. CE) 

= (sq. FG) + (rect. AB^ BC) 

- (sq. FG) + (sq. on A C\ by hypothesis, 


= 5 (sq. on DC), 

The theorem is still more obvious if the figure 
of II. II be used. Let CFh^ divided in extreme 
and mean ratio at by the method of ii. ii. 

Then, since 

(rect. AB, BC) + (sq. on CD) 

~ sq. on BD 
~ sqs. on CZ>, CF^ 

(rect. AB^ BC) ~ (sq. on CF) 

= (sq. on CA\ 

and AB is divided at C in extreme and mean ratio. 

And (sq. on BD) - (sq. on DF) 

~ 5 (sq. on CD), 



Proposition 4. 

If a straight line be cut in extreme and mean ratio, the 
square on the whole and the square on the lesser segment together 
are triple of the square on the greater segment. 

Let be a straight line, 
let it be cut in extreme and mean ratio at C, 
and let AC he the greater segment ; 

I say that the squares on AB, BC are 
triple of the square on CA. h < 

For let the square A DEB be de- 
scribed on AB, 
and let the figure be drawn. 

Since then .<4^9 has been cut in extreme 
and mean ratio at C, 
and AC is the greater segment, 

therefore the rectangle AB, BC is equal to the square on AC. 

[vi. Def. 3, VI. 17] 

And AE is the rectangle AB, BC, and HG the square 
on AC ; 

therefore AK is equal to HG. 
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And, since AF\s equal to FE, 
let CK be added to each ; 

therefore the whole AK is equal to the whole CE ; 
therefore AK, CE are double of AK, 

But AK, CE are the gnomon LMN and the square CK\ 
therefore the gnomon LMN and the square CK are double 
of AK. 

But, further, AK was also proved equal to HG -, 
therefore the gnomon LMN and the squares CK, HG are 
triple of the square HG. 

And the gnomon LMN and the squares CK, HG are 
the whole square AE and CK, which are the squares on 
AB, BC, 

while HG is the square on AC. 

Therefore the squares on AB, BC are triple of the square 
on AC. 

Q. E. D. 

Here, as in the preceding propositions, the results are proved de novo by 
the method of Book ii., without reference to that Book. Otherwise the proof 
might have been shorter. 

For, by ii. 7 , 

(sq. on AB) + (sq. on BC) - a (rect. AB, BC) + (sq. on A C) 

= 3 (sq. on A C). 

Proposition 5. 

// a straight line be cut in extreme and mean ratio, and 
there be added to it a straight line equal to the greater segment, 
the whole straight line has been cut in extreme and mean ratio, 
and the original straight line is the greater segment. 

For let the straight line AB be cut in extreme and mean 
ratio at the point C, 
let AC he the greater segment, 
and let AL> he equal to AC. 

I say that the straight line 
EB has been cut in extreme and 
mean ratio at A, and the original 
straight line AB is the greater 
segment. 

For let the square AE be described on AB, 
and let the figure be drawn. 
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Since AB has been cut in extreme and mean ratio at C, 
therefore the rectangle AB, BC is equal to the square on AC. 

[vi. Def. 3, VI. 17] 

And CE is the rectangle AB, BC. and CH the square 
on AC -, 

therefore CE is equal to HC. 

But HE is equ^ to CE, 
and DH is equal to HC ; 
therefore DH is also equal to HE. 

Therefore the whole DK is equal to the whole AE. 

And DK is the rectangle BD, DA, 
for AD \s equal to DL ; 
and AE is the square on AB ; 

therefore the rectangle BD, DA is equal to the square 
on AB. 

Therefore, as DB is to BA, so is BA to AD. [vi. 17] 
And DB is greater than BA ; 

therefore BA is also greater than AD. [v. 14] 

Therefore DB has been cut in extreme and mean ratio at 
A, and AB is the greater segment. 

Q. E. D. 

We have (sq. £>If) = (sq. HC) 

= (rect, C£)y by hypothesis, 

= (rect. HE). 

Add to each side the rectangle AE, and 

(rect. DH) = (sq. AE), 

or (rect. BD, DA) = (sq. on AB), 

The result is of course obvious from ii. ii. 

There is an alternative proof given in P after xiii. 6, which depends on 
Book V. 

By hypothesis, BA : AC-AC : CB, 

or, inversely, A C : AB - CB : A C, 

Componendo, (AB + AC ) : AB = AB : AC, 

or DB :BA = BA : AD. 


Proposition 6. 

If a rational straight line be cut in extreme and mean ratio, 
each of the segments is the irrational straight line called 
afotome. 


H. E. 111. 


29 



450 


BOOK XIII 


[xiii. 6 


Let AB hea. rational straight line, 
let it be cut in extreme and mean 

ratio at C, 9 ^ ® 

and let ^ C be the greater segment ; 

I say that each of the straight lines A C, CB is the irrational 
straight line called apotome. 

For let BA be produced, and let be made half of BA. 
Since then the straight line AB has been cut in extreme 
and mean ratio, 

and to the greater segment AC is added AD which is half 

of^^, 

therefore the square on CD is five times the square on DA. 

[xiii. i] 

Therefore the square on CD has to the square on DA the 
ratio which a number has to a number ; 

therefore the square on CD is commensurable with the square 
on DA. [x. 6] 

But the square on DA is rational, 
for DA is rational, being half of AB which is rational ; 
therefore the square on CD is also rational ; [x. Def. 4] 

therefore CD is also rational. 

And, since the square on CD has not to the square on 
DA the ratio which a square number has to a square number, 

therefore CD is incommensurable in length with DA ; [x. 9] 

therefore CDy DA are rational straight lines commensurable 
in square only ; 

therefore AC is an apotome. [x. 73] 

Again, since AB has been cut in extreme and mean ratio, 
and AC is the greater segment, 

therefore the rectangle A B, BC is equal to the square on AC. 

[vi. Def. 3, VI. 17] 

Therefore the square on the apotome AC, if applied to 
the rational straight line AB, produces BC as breadth. 

But the square on an apotome, if applied to a rational 
straight line, produces as breadth a first apotome ; [x. 97] 

therefore CB is a first apotome. 
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And CA was also proved to be an apotome. 

Therefore etc. 

Q. E. D 

It seems certain that this proposition is an interpolation. P has it, but the 
copyist (or rather the copyist of its archetype) says tliat “ this theorem is not 
found in most copies of the new recension, but is found in those of the old.^^ 
In the first place, there is a scholium to xiii. 17 in P itself which proves the 
same thing as xiii. 6, and which would therefore have been useless if xiii. 6 
had preceded. Hence, when the scholium was written, this proposition had 
not yet been interpolated. Secondly, P has it before the alternative proof of 
XIII. 5 ; this proof is considered, on general grounds, to be interpolated, and 
it would appear that it must have been a later interpolation (xiii. 6) whicti 
divorced it from the proposition to which it belonged. Thirdly, there is cause 
for suspicion in the proposition itself, for, while the enunciation states that 
each segment of the straight line is an apotome^ the proposition adds that the 
lesser segment is a first apotome. The scholium in P referred to has not this 
blot. What is actually wanted in xin. 17 is the fact that greater segment 
is an apotome. It is probable that Euclid assumed this fact as evident enough 
from XIII. I without further proof, and that he neither wrote xiii. 6 nor the 
quotation of its enunciation in xiii. 17. 


Proposition 7. 

1/ three angles of an equilateral pentagon, taken either in 
order or not in order, be equal, the pentagon will be equiangular. 

For in the equilateral pentagon ABCDE let, first, three 
angles taken in order, those at A, B, C, 
be equal to one another ; 

I say that the pentagon ABCDE is 
equiangular. 

For let AC, BE, FD be joined. 

Now, since the two sides CB, BA 
are equal to the two sides BA, AE 
respectively, 

and the angle CBA is equal to the 
angle BAE, 
therefore the base AC is equal to the base BE, 
the triangle ABC is equal to the triangle ABE, 
and the remaining angles will be equal to the remaining angles, 
namely those which the equal sides subtend, [i- 4 ] 

that is, the angle BCA to the angle BEA, and the angle 
ABE to the angle CAB-, 

hence the side AF is also equal to the side BE. [c 6] 
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But the whole A C was also proved equal to the whole BE ; 
therefore the remainder FC is also equal to the remainder FE. 
But CD is also equal to DE. 

Therefore the two sides FC, CD are equal to the two 
sides FE, ED ; 

and the base FD is common to them ; 

therefore the angle FCD is equal to the angle FED. [i. 8] 
But the angle BCA was also proved equal to the angle 
AEB; 

therefore the whole angle BCD is also equal to the whole 
angle A ED. 

But, by hypothesis, the angle BCD is equal to the angles 
at ^ ; 

therefore the angle AED is also equal to the angles at A, B. 

Similarly we can prove that the angle CDE is also equal 
to the angles at A, B, C ; 

therefore the pentagon ABCDE is equiangular. 

Next, let the given equal angles not be angles taken in 
order, but let the angles at the points A, C, D be equal ; 

I say that in this case too the pentagon ABCDE is equiangular. 
For let BD be joined. 

Then, since the two sides BA, AE are equal to the two 
sides BC, CD, 

and they contain equal angles, 

therefore the base BE is equal to the base BD, 

the triangle ABE is equal to the triangle BCD, 

and the remaining angles will be equal to the remaining angles, 

namely those which the equal sides subtend ; [i. 4] 

therefore the angle AEB is equal to the angle CDB. 

But the angle BED is also equal to the angle BDE, 
since the side BE is also equal to the side BD. [i. 5] 

Therefore the whole angle AED is equal to the whole 
angle CDE. 

But the angle CDE is, by hypothesis, equal to the angles 
Sit A, C ; 

therefore the angle A ED is also equal to the angles ax A, C. 
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For the same reason 

the angle ABC is also equal to the angles at A, C, D, 

Therefore the pentagon ABCDE is equiangular. 

Q. E. D. 

This proposition is required in xiii. 1 7. 

The steps of the proof may be shown thus. 

I. Suppose that the angles at A, B, C are all equal. 

Then the isosceles triangles BAE, ABC are equal in all respects ; 
thus BE = AC, lBCA = lBEA, lCAB = lEBA. 

By the last equality, FA = FB, 

so that, since BE = AC, FC = FE. 

The As FED, FCD are now equal in all respects, [i. 8, 4] 

and L. FCD = l. FED. 

But L A CB = L. AEB, from above, 

whence, by addition, i. BCD - 1. AED. 

Similarly it may be proved that l CDE is also equal to any one of the 
angles at A, B, C. ■ 

II. Suppose the angles at A, C, D to be equal. 

Then the isosceles triangles ABE, CBD are equal in all respects, and 
hence BE = BD (so that l. BDE = ^ BED), 
and L CDB = l AEB. 

By addition of the equal angles, 

L CDE = L. DEA. 

Similarly it may be proved that l ABC is also equal to each of the angles 
at A, C, D. 

Proposition 8. 

If in an equilateral and equiangular pentagon straight 
lines subtend two angles taken in order, they cut one another 
in extreme and mean ratio, and their greater segments are equal 
to the side of the pentagon. 

For in the equilateral and equiangular pentagon ABCDE 
let the straight lines A C, BE, cutting 
one another at the point H, subtend 
two angles taken in order, the angles 
2X A, B ', 

I say that each of them has been ^ 
cut in extreme and mean ratio at 
the point H, and their greater seg- 
ments are equal to the side of the 
pentagon. 

For let the circle ABCDE be 
circumscribed about the pentagon ABCDE, 



[iv. 14] 
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Then, since the two straight lines EA, AB are equal to 
the two AB, BC, 
and they contain equal angles, 
therefore the base BE is equal to the base A C, 
the triangle ABE is equal to the triangle ABC, 
and the remaining angles will be equal to the remaining angles 
respectively, namely those which the equal sides subtend, [i. 4] 
Therefore the angle BAC is equal to the angle ABE ; 
therefore the angle AHE is double of the angle BAH. [i- 3*1 
But the angle EAC is also double of the angle BAC, 
inasmuch as the circumference EDC is also double of the 
circumference CB ; [m- 281 vi. 33] 

therefore the angle HAE is equal to the angle AHE \ 

hence the straight line HE is also equal to EA, that is, to A B. 

['• 6 ] 

And, since the straight line BA is equal to A E, 
the angle ABE is also equal to the angle AEB. [1. s] 

But the angle ABE was proved equal to the angle BAH; 
therefore the angle BE A is also equal to the angle BAH. 

And the angle ABE is common to the two triangles ABE 
and ABH ; 

therefore the remaining angle BAE is equal to the remaining 
angle AHB ; [i- 32] 

therefore the triangle ABE is equiangular with the triangle 
ABH; 

therefore, proportionally, as EB is to BA, so is AB to BH. 

[vi. 4] 

But BA is equal to EH ; 
therefore, as BE is to EH, so is EH to HB. 

And BE is greater than EH ; 

therefore EH is also greater than HB. [v. 14] 

Therefore BE has been cut in extreme and mean ratio at 
H, and the greater segment HE is equal to the side of the 
pentagon. 

Similarly we can prove that AC has also been cut . in 
extreme and mean ratio at H, and its greater segment CH 
is equal to the side of the pentagon. 


Q. E. D. 
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In order to prove this theorem we have to show (i) that the As AEBy 
HAB are similar, and (2) that EH= EA (= AB), 

To prove (2) we have 

A s AEB^ BA C equal in all respects, 
whence EB = A Q 

and lBAC^lABE, 

Therefore l AHE -2 l BA C 

= lEAC, 

so that EH=^EA 

= AB, 

To prove (i) we have, in the As AEBy HABy 
lBAH = lEBA 

- L AEBy 

and L A BE is common , 

therefore the third l s A If By EAB are equal, 
and As AEBy HAB are similar. 

Now, since these triangles are similar, 

EB : BA BA : BHy 

or (rect. EBy BH) = (sq. on BA) 

- (sq. on EH)y 

so that EB is divided in extreme and mean ratio at H 

Similarly its equal, CAy is divided in extreme and mean ratio at H 


Proposition 9. 

If the side of the hexagon and that of the decagon inscribed 
in the same circle be added together y the whole straight line 
has been cut in extreme and mean ratioy and its greater segment 
is the side of the hexagon. 

Let ABC be a circle ; 

of the figures inscribed in the circle ABC let BC be the side 
of a decagon, CD that of a hexagon, 

and let them be in a straight line ; 

I say that the whole straight line 
BD has been cut in extreme and 
mean ratio, and CD is its greater 
segment. 

For let the centre of the circle, 
the point Ey be taken, 
let EBy ECy ED be joined, 
and let BE be carried through to A, 

Since BC is the side of an equilateral decagon, 
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therefore the circumference ACB is five times the circum- 
ference BC ; 

therefore the circumference AC is quadruple of CB. 

But, as the circumference AC is to CB, so is the angle 
AEC to the angle CEB ; 33] 

therefore the angle AEC is quadruple of the angle CEB. 

And, since the angle EBC is equal to the angle ECB, [i. 5] 
therefore the angle AEC \s double of the angle ECB. [i- 3 *] 
And, since the straight line EC \s equal to CD, 
for each of them is equal to the side of the hexagon inscribed 
in the circle ABC, 15 . Po*- ] 

the angle CED is also equal to the angle CDE ; [i- s] 

therefore the angle ECB is double of the angle EDC. [i. 3*] 
But the angle AEC was proved double of the angle ECB\ 
therefore the angle AEC is quadruple of the angle EDC. 

But the angle AEC was also proved quadruple of the 
angle BEC ; 

therefore the angle EDC is equal to the angle BEC. 

But the angle EBD is common to the two triangles BEC 
and BED ; 

therefore the remaining angle BED is also equal to the 
remaining angle ECB ; [i- 3*] 

therefore the triangle EBD is equiangular with the triangle 
EBC. 

Therefore, proportionally, as DB is to BE, so is EB to BC. 

[vi. 4] 

But EB is equal to CD. 

Therefore, as BD is to DC, so is DC to CB. 

And BD is greater than DC ; 
therefore DC is also greater than CB. 

Therefore the straight line BD has been cut in extreme 
and mean ratio, and DC is its greater segment. 

Q. E. D. 


BC is the side of a regular decagon inscribed in the circle ; CD is the 
side of the inscribed regular hexagon, and is therefore equal to the radius BE 
or EC. 

Therefore, in order to prove our theorem, we have only to show that the 
triangles EBC, DBE are similar. 
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Since BC is the side of a regular decagon, 

(arc BCA) = 5 (arc BC)j 
(arc CFA) = 4 (arc BC\ 
L CEA = 4 ^ BEC, 


so that 
whence 
But 

Therefore 

But, since CD = CEy 
so that 


L CEA = 2 L ECB* 
L ECB = 2 L BEC 

LCDE^-uCEDy 
lECB=^2L CDE, 


It follows from (i) that l BEC ^ l CDE. 
Now, in the As EBCy DBEy 



lBEC=: LBDEy 

and 

lEBC is common. 

so that 

L ECB = L DEBy 

and 

As EBCy DBE are similar. 

Hence 

DB , BE = EB : BCy 

or 

(rect. DBy BC) - (sq. on EB) 


.(I). 


= (sq. on CD), 

and DB is divided at C in extreme and mean ratio. 

To find the side of the decagon algebraically in terms of the radius we 
have, if * be the side required, 

(r + 3c)x = 

whence x = *- (.^5 — i). 


Proposition 10. 

If an equilateral pentagon be inscribed in a circle, the 
square on the side of the pentagon is equal to the squares on 
the side of the hexagon and on that of the decagon inscribed in 
the same circle. 

Let ABCDE be a circle, 

and let the equilateral pentagon ABCDE be inscribed in the 
circle ABCDE. 

I say that the square on the side of the pentagon ABCDE 
is equal to the squares on the side of the hexagon and on 
that of the decagon inscribed in the circle ABCDE. 

For let the centre of the circle, the point E, be taken, 
let AE be joined and carried through to the point G, 
let EB be joined, 

let ED be drawn from /^perpendicular to AB and be carried 
through to K, 
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let AK, KB be joined, 

let FL be again drawn from /^perpendicular to AK, and be 
carried through to M, 
and let KK be joined. 

Since the circumference 
ABCG is equal to the circum- 
ference AEDG, 
and in them ABC is equal to 
AED, 

therefore the remainder, the 
circumference CG, is equal to 
the remainder GD. 

But CD belongs to a pen- 
tagon ; 

therefore CG belongs to a 
decagon. 

And, since FA is equal to FB, 
and FH is perpendicular, 

therefore the angle AFK is also equal to the angle KFB. 

[i. 5, 1. 26] 

Hence the circumference AK is also equal to KB ; [m. 26] 

therefore the circumference AB is double of the circumference 
BK; 

therefore the straight line is a side of a decagon. 

For the same reason 
AK is also double of KM. 

Now, since the circumference AB is double of the circum- 
ference BK, 

while the circumference CD is equal to the circumference AB, 
therefore the circumference CD is also double of the circum- 
ference BK. 

But the circumference CD is also double of CG ; 
therefore the circumference CG is equal to the circumference 
BK. 

But BK is double of KM, since KA is so also ; 
therefore CG is also double of KM. 
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But, further, the circumference CB is also double of the 
circumference BK, 

for the circumference CB is equal to BA. 

Therefore the whole circumference GB is also double 
of BM \ 

hence the angle GFB is also double of the angle BFM. [vi. 33] 
But the angle GFB is also double of the angle FAB, 
for the angle FAB is equal to the angle ABF. 

Therefore the angle BFN is also equal to the angle FAB. 
But the angle ABF is common to the two triangles ABF 
and BFAT ; 

therefore the remaining angle AFB is equal to the remaining 
angle BNF-, [i. 32] 

therefore the triangle ABF is equiangular with the triangle 
BFN. 

Therefore, proportionally, as the straight line AB is to BF, 
so is FB to BN ; [vi. 4] 

therefore the rectangle AB, BN is equal to the square on BF. 

[vi. 17I 

Again, since A Lis equal to LK, 
while LN is common and at right angles, 
therefore the base KN is equal to the base AN ■, [i. 4] 

therefore the .angle LKN is also equal to the angle LAN. 

But the angle LAN is equal to the angle KBN •, 
therefore the angle LKN is also equal to the angle KBN. 

And the angle at A is common to the two triangles AKB 
and AKN. 

Therefore the remaining angle AKB is equal to the 
remaining angle KNA ; [i. 32] 

therefore the triangle KB A is equiangular with the triangle 
KNA. 

Therefore, proportionally, as the. straight line BA is to 
AK, so is KA to AN; [vi. 4] 

therefore the rectangle BA, AN is equal to the square on AK. 

[vi. 17] 

But the rectangle AB, BN was also proved equal to the 
square on BF; 
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therefore the rectangle AB, BN together with the rectangle 
BA, AN, that is, the square on BA [ii. 2], is equal to the 
square on BF together with the square on AK, 

And BA is a side of the pentagon, BF of the hexagon 
[iv. 15, For.], and AK of the decagon. 

Therefore etc. 

1^. E. D. 

ABCDE being a regular pentagon inscribed in a circle, and AG the 
diameter through Ay it follows that 

(arc CG) - (arc GD)y 

and CGy GD are sides of an inscribed regular decagon. 

FHK being drawn perpendicular to A By it follows, by i. 26, that 
L s AFKy BFK are equal, and BKy KA are sides of the regular decagon. 
Similarly it may be proved that, FLM hexng perpendicular to AKy 

AL^LFy 

and (arc AM) = (arc MF)» 

The main facts to prove are that 

(i) the triangles ABFy FBJV are similar, and (2) the triangles ABKy AKN 
are similar. 

(1) 2 (arc cC) = (arc CD) 

= (arc AB) 

= 2 (arc BK)y 

or (arc CG) = (arc BK) = (arc AK) 

= 2 (arc KM). 

And (arc CB) = 2 (arc BK). 

Therefore, by addition, 

(arc BCG) = 2 (arc BKM). 

Therefore l BFG = 2 l BFN. 

But L BFG -2 L FABy 

so that L FAB - l BFN. 

Hence, in the As ABFy FBNy 

LFAB^LBFNy 

and L. ABF is common ; 

therefore l AFB = l BNFy 

and As ABFy FBN dXit similar. 

(2) Since AL - LK, and the angles at Z are right, 

AN^ NKy 

and lNKA^lNAK 

^lKBA. 

Hence, in the A s ABKy AKN, 

L.ABK^LAKNy 
and L KAN is common, 

whence the third angles are equal ; 
therefore the triangles ABKy AKN ate similar. 
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Now from the similarity of As ABJ^, follows that 

AB : BF=BB : BN, 

or (rect. A By BN) = (sq. on BF). 

And, from the similarity of ABKy AKNy 

BA : AK^ AK : ANy 

or (rect. BAy AN)- (sq. on AK), 

Therefore, by addition, 

(rect. A By BN) + (rect. BAy AN) = (sq. on BF) + (sq. on AK), 
that is, (sq. on AB) - (sq. on BF) + (sq. on AK), 

If r be the radius of the circle, we have seen (xiii. 9, note) that 

Therefore (side of pentagon)* + — (6-2^5) 

4 

= 7(10-2^5). 

4 

so that (side of pentagon) = ^ 4^0 - 2 ^5. 


Proposition ii. 

If in a circle which has its diameter rational an equilateral 
pentagon be inscribed, the side of the pentagon is the irrational 
straight line called minor. 

For in the circle ABODE which has its diameter rational 
let the equilateral pentagon ABODE be inscribed ; 

1 say that the side of the pentagon is the irrational straight 
line called minor. 

For let the centre of the circle, the point F, be taken, 
let AF, FB be joined and carried through to the points, G, H, 
let be joined, 

and let FK be made a fourth part of AF. 

Now AF\s rational ; 
therefore FK is also rational. 

But BF is also rational ; 
therefore the whole BK is rational. 

And, since the circumference A OG is equal to the circum- 
ference ADG, 

and in them ABO is equal to A ED, 

therefore the remainder OG is equal to the remainder GD. 
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And, if we join AD, we conclude that the angles at L 
are right, 

and CD is double of CL. 

For the same reason 
the angles at M are also right, 
and AC is double of CM. 



Since then the angle ALC is equal to the angle AMF, 
and the angle LAC is common to the two triangles ACL 
and AMF, 


therefore the remaining angle ACL is equal to the remaining 
angle MFA ; [i. 32] 

therefore the triangle ACL is equiangular with the triangle 
AMF; 


therefore, proportionally, as LC is to CA, so is MF to FA. 
And the doubles of the antecedents may be taken ; 

therefore, as the double of LC is to CA, so is the double of 
MF to FA. 


But, as the double of MF is to FA, so is MF to the half 
oiFA; 

therefore also, as the double of ZC is to CA, so is MF to the 
half of 

And the halves of the consequents may be taken ; 

therefore, as the double of ZC is to the half of CA, so is MF 
to the foufth of FA. 
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And DC is double of LC, CM is half of CA, and F/C a 
fourth part of FA ; 

therefore, as DC is to CM, so is MF to FK. 

Componendo also, as the sum of DC, CM is to CM, so is 
MK to KF\ [v. 18] 

therefore also, as the square on the sum of DC, CM is to the 
square on CM, so is the square on MK to the square on KF. 

And since, when the straight line subtending two sides of 
the pentagon, as AC, is cut in extreme and mean ratio, the 
greater segment is equal to the side of the pentagon, that is, 
to DC, [xiii. 8] 

while the square on the greater segment added to the half 
of the whole is five times the square on the half of the 
whole, [xiii. i] 

and CM is half of the whole AC, 

therefore the square on DC, CM taken as one straight line is 
five times the square on CM. 

But it was proved that, as the square on DC, CM taken 
as one straight line is to the square on CM, so is the square 
on MK to the square on KF-, 

therefore the square on MK is five times the square on KF. 

But the square on KF is rational, 
for the diameter is rational ; 
therefore the square on MK is also rational ; 
therefore MK is rational 

And, since BF is quadruple of FK, 
therefore BK is five times KF ; 

therefore the square on BK is twenty-five times the square 
on KF. 

But the square on MK is five times the square on KF', 
therefore the square on BK is five times the square on KM', 

therefore the square on BK has not to the square on KM 
the ratio which a square number has to a square number ; 

therefore BK is incommensurable in length with KM. [x. 9] 
And each of them is rational. 

Therefore BK, KM are rational straight lines commen- 
surable in square only. 
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But, if from a rational straight line there be subtracted a 
rational straight line which is commensurable with the whole 
in square only, the remainder is irrational, namely an apotome ; 

therefore MB is an apotome and MK the annex to it. [x. 73] 

I say next that MB is also a fourth apotome. 

Let the square on N be equal to that by which the square 
on BK is greater than the square on KM ; 
therefore the square on BK is greater than the square on KM 
by the square on N. 

And, since KF is commensurable with FB, 
componendo also, KB is commensurable with FB. [x. 15] 

But BF is commensurable with BH ; 
therefore BK is also commensurable with BH. L*. 12] 

And, since the square on BK is five times the square 
on KMt 

therefore the square on BK has to the square on KM the 
ratio which 5 has to i. 

Therelore, convertendo, the square on ^A'has to the square 
on N the ratio which 5 has to 4 [v. 19, For.], and this is not the 
ratio which a square number has to a square number ; 
therefore BK is incommensurable with N •, [x. 9] 
therefore the square on BK is greater than the square on KM 
by the square on a straight line incommensurable with BK. 

Since then the square on the whole BK is greater than 
the square on the annex KM by the square on a straight line 
incommensurable with BK, 

and the whole BK is commensurable with the rational straight 
line, BH, set out, 

therefore MB is a fourth apotome. [x. Deff. m. 4] 

But the rectangle contained by a rational straight line and 
a fourth apotome is irrational, 

and its square root is irrational, and is called minor. [x, 94] 
But the square on AB is equal to the rectangle HB^ BM, 

because, when A His joined, the triangle ABH is equiangular 
with the triangle ABM, and, as HB is to BA, so is AB 
to BM. 
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Therefore the side AB of the pentagon 
straight line called minor. 


is the irrational 

Q. E. D. 


Here we require certain definitions and propositions of Book x. 

First we require the definition of an apotome [see x. 73], which is a straight 
line of the form (p . p), where p is a “ rational ” straight line and k is any 
integer or numerical fraction, the square root of which is not integral or 
expressible in integers. The lesser of the straight lines p, .p is the annex. 

Next we require the definition of the fourth apotome [x. Deff. iii. (after 
X. 84)], which is a straight line of the form (x-y), where x, y (being both 
rational and commensurable in square only) are also such that Jx^-f is 
incommensurable with x, while x is commensurable with a given rational 
straight line p. As shown on x. 88 (note), the fourth apotome is of the form 

Lastly the minor (straight line) is the irrational straight line defined in 
X. 76. It is of the form {x -j), where y are incommensurable in scjuare, 
and (jc^ +y^) is ‘ rational,’ while xy is ‘ medial.’ As shown in the note on 
X. 76, the minor irrational straight line is of the form 

P / k p^ / _ ^ 

V2 V ^ ^ n/7+^ >/2 V * vr+;l^‘ 

The proposition may be put as follows. ABCDE being a regular 
pentagon inscribed in a circle, AG^ ^ATthe diameters through B meeting 
CD in Z and AC in M respectively, BE is made equal to lAB. 

Now, the radius AF(r) being rational, so are FK^ BK. 

The arcs CG^ GD are equal ; 
hence s at Z are right, and CD - 2 CL 

Similarly ^ s at are right, and AC - 2 CM. 

We have to prove 

(1) that BMis an apotome, 

(2) that BM is a fourth apotome, 

(3) that BA is a minor irrational straight line. 

Remembering that, if CA is divided in extreme and mean ratio, the 
greater segment is equal to the side of the pentagon [xiii. 8], and that accord 
ingly [xiii. 1] (CD f ^CA)^ = $ (}^CAy\ we work towards a proportion con- 
taining the ratio ( CD + CMf : CM^ thus. 

The As ACLy AFM SLtQ equiangular and therefore similar. 

Therefore LC : CA = MF : FAy 

and accordingly 2LC : CA = MF : \FA \ 

thus 2LC \\CA^ MF ; \FAy 

or DC : CM^ MF : FK) 

whence, componendOy and squaring, 

(DC + CMf ; CM’^ = MK^ : KF\ 
(DC+CMf=^SCM^y 
MJC^^KF^. 


But 

therefore 
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[This means that MK^ = > 

or 

4 

It follows that, being rational, MK'^^ and therefore MK, is rational. 

(1) To prove that BM\% an apotome and MK its annex. 

We have BF- ^FK ; 

therefore BK - sFK^ 

BIP= 2 sFK^ 

= sMK% from above ; 

therefore BK^ has not to MJC^ the ratio of a square number to a square 
number ; 

therefore BK, MK are incommensurable in length. 

'rhey are therefore rational and commensurable in square only ; 
accordingly BM is an apotome, 

[BK^ = SMK^ f 4 /^, and BK= {r. 

Consequently BK — MK- •] 

(2) To prove that BMis a fourth apotome. 

First, since KF, FB are commensurable, 

BK, BF are commensurable, i.e. BK is commensurable with BH, a given 
rational straight line. 

Secondly, if N'^ = BK^ - KM^, 

since BK^ :KM^^S *• h 

it follows that BK^ : = 5:4, 

whence BK, N are incommensurable. 

Therefore BM is a fourth apotome, 

(3) To prove that BA is a minor irrational straight line. 

If a fourth apotome form a rectangle with a rational straight line, the side 
of the square equivalent to the rectangle is minor [x. 94]. 

Now BA^ = IfB,BM, 

KB is rational, and BMis a fourth apotome ; 
therefore is a minor irrational straight line. 

[BA = r^2 . Vi - ^ ^ Vio - 2 Vs- 

V 4 42 

If this is separated into the difference between two straight lines, we have 

BA = ^ Vs 2 7 s - J Vs -2 Vs-’] 


Proposition 12. 

1/ an equilateral triangle be inscribed in a circle^ the square 
on the side of the triangle is triple of the squai'o on the radius 
of the circle. 
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Let ABC be a circle, 

and let .the equilateral triangle ABC be inscribed in it ; 

I say that the square on one side of 
the triangle A BC is triple of the .square 
on the radius of the circle. 

For let the centre D of the circle 
ABC be taken, 

let AD be joined and carried through 
to E, 

and let BE be joined. 

Then, since the triangle ABC is 
equilateral, 

therefore the circumference BEC is a third part of the circum- 
ference of the circle ABC. 

Therefore the circumference BE is a sixth part of the 
circumference of the circle ; 

therefore the straight line BE belongs to a hexagon ; 
therefore it is equal to the radius DE. [iv. 15, Por.] 

And, since AE is double of DE, 

the square on A E is quadruple of the square on ED, that is, 
of the square on BE. 

But the square on AE is equal to the squares on AB, BE-, 

[m. 31, I. 47] 

therefore the squares on A B, BE are quadruple of the square 
on BE. 

Therefore, separando, the square on AB is triple of the 
square on BE. 

But BE is equal to DE ; 

therefore the square on .<4.5 is triple of the square on DE. 

Therefore the square on the side of the triangle is triple 
of the square on the radius. 

Q.-E. D. 


A 



Proposition 13. 

To construct a pyramid, to comprehend it in a given sphere, 
and to prove that the square on the diameter of the sphere is 
one and a half times the square on the side of the pyramid. 


30—2 
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Let the diameter AB of the given sphere be set out, 
and let it be cut at the point C so that AC is double of CB ; 
let the semicircle ADB be described on AB, 
let CD be drawn from the point C at right angles to AB, 
and let DA be joined ; 

let the circle EFG which has its radius equal to DC be 
set out, 

let the equilateral triangle EFG be inscribed in the circle EFG, 

[iv. 2] 

let the centre of the circle, the point H, be taken, [iii. i] 

let EH, HF, HG be joined ; 

from the point H let HK be set up at right angles to the plane 
of the circle EFG, [xi. 12] 

let HK equal to the straight line AC he cut off from HK, 
and let KE, KF, KG be joined. 



Now, since KH is at right angles to the plane of the 
circle EFG, 

therefore it will also make right angles with all the straight 
lines which meet it and are in the plane of the circle EFG. 

[xi. Def. 3] 

But each of the straight lines HE, HF, HG meets it : 

therefore HK is at right angles to each of the straight lines 
HE, HF, HG. 

And, since AC is equal to HK, and CD to HE, 
and they contain right angles, 

therefore the base DA is equal to the base KE. [i. 4] 
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For the same reason 

each of the straight lines KF, KG is also equal to DA ; 

therefore the three straight lines KE, KF, KG are equal to 
one another. 

And, since AC is double of CB, 
therefore AB is triple of BC. 

But, as AB is to BC, so is the square on AD to the square 
on DC, as will be proved afterwards. 

Therefore the square on AD is triple of the square on DC. 
But the square on F£ is also triple of the square on EH, 

[xiii. 12] 

and DC is equal to EH ; 
therefore DA is also equal to EF. 

But DA was proved equal to each of the straight lines 
KE, KF, KG ; 

therefore each of the straight lines EF, FG, GE is also equal 
to each of the straight lines KE, KF, KG ; 

therefore the four triangles EFG, KEF, KFG, KEG are 
equilateral. 

Therefore a pyramid has been constructed out of four 
equilateral triangles, the triangle EFG being its base and the 
point K its vertex. 

It is next required to comprehend it in the given sphere 
and to prove that the square on the diameter of the sphere 
is one and a half times the square on the side of the pyramid. 

For let the straight line HL be produced in a straight 
line with KH, 

and let HL be made equal to CB. 

Now, since, as ., 4 C is to CD, so is CD to CB, [vi. 8, Por.] 
while AC is equal to KH, CD to HE, and CB to HL, 
therefore, as KH is to HE, so is EH to HL ; 

therefore the rectangle KH, HL is equal to the square on 
EH. [vi. 1 7] 

And each of the angles KHE, EHL is right ; 

therefore the semicircle described on KL will pass through 
E also. [cf. VI. 8, in. 31] 
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If then, KL remaining fixed, the semicircle be carried round 
and restored to the same position from which it began to be 
moved, it will also pass through the points F, G, 

since, if FL, LG be joined, the angles at F, G similarly become 
right angles ; 

and the pyramid will be comprehended in the given sphere. 

For KL, the diameter of the sphere, is equal to the 
diameter AB of the given sphere; inasmuch as KH was 
made equal to AC, and L1L to CB. 

I say next that the square on the diameter of the sphere 
is one and a half times the square on the side of the 
pyramid 

For, since AC is double of CB, 
therefore AB is triple of BC ; 
and, convertendo, BA is one and a half times AC. 

But, as BA is to AC, so is the square on BA to the square 
on AD. 

Therefore the square on BA is also one and a half times 
the square on AD. 

And BA is the diameter of the given sphere, and AD is 
equal to the side of the pyramid. 

Therefore the square on the diameter of the sphere is 
one and a half tirnes the square on the side of the pyramid. 

Q. E. D. 


Lemma. 


It is to be proved that, as A B is to BC, so is the square 
on AD to the square on DC. 


For let the figure of the semi- 
circle be set out, 
let DB be joined, 

let the square EC be described 
on AC, 

and let the parallelogram FB be 
completed. 

Since then, because the tri- 
angle DAB is equiangular with 
the triangle DAC, 
as BA is to AD, so is DA to A C, 



[vi. 8, VI. 4] 
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therefore the rectangle BA, ACis equal to the square on AD. 

[vi. 17] 

And since, as AB is to BC, so is £B to BF, [vi. i] 

and £B is the rectangle BA, AC, for £A is equal to AC, 
and BF is the rectangle A C, CB, 

therefore, as A B is to BC, so is the rectangle BA, AC to the 
rectangle AC, CB. 

And the rectangle BA, AC is equal to the square on AD, 
and the rectangle AC, CB to the square on DC, 

for the perpendicular DC is a mean proportional between the 
segments AC, CB of the base, because the angle ADB is 
right. 1 [vi. 8, Por.] 

Therefore, as AB is to BC, so is the square on AD to 
the square on DC. 

Q. E. D. 

The Lemma is with reason suspected. Euclid commonly takes more 
difficult theorems for granted in the stereometrical Books. It is also clumsy 
in itself, while, from a gloss in the proposition rejected as an interpolation, it 
is clear that the interpolator of the gloss had not the Lemma. With the 
Lemma should disappear the words “ as will be proved afterwards ” (p. 469). 


In the figure of the proposition, the semicircle really represents half of 
a section of the sphere through its centre and one edge of the inscribed 
tetrahedron {AD being the length of that edge). 

The proof is in three parts, the object of which is to prove 

(1) that KEFG is a tetrahedron with all its edges equal to AD^ 

(2) that it is inscribable in a sphere of diameter equal to AB^ 

(3) that AB^ = ?^AD\ 

To prove (i) we have to show 

(a) that = JCF= KG = AD, 

{b) that AD^ER 

(a) Since HE = JIR= HG = CD, 

KH^AC, 

and A CD, KHE, KHF, KHG are right, . 

As A CD, KHE, KHF, KHG are equal in all respects ; 
therefore KE — KF= KG = AD, 

(b) Since AB=^BC, 

and AB:BC=AB.AC:AC. CB 


- AD ^ : CD\ 

it follows that AD^= ^ CD^, 

But [xiii, 1 2] EF^ = zEH - ; 

and EH = CD, by construction 
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Therefore AD — EF, 

Thus EFGK is a regular tetrahedron. 

(2) We now observe the usefulness of Euclid’s description of a sphere 
[in XI. Def. 14]. 

Producing K/f {— AC) to Z so that HL— CB^ 
we have KL equal to AB ; 

thus KL is a diameter of the sphere which should circumscribe our tetra- 
hedron, 

and we have only to prove that E, F, G lie on semicircles described on KL 
as diameter. 

E.g. for the point Z, 

AC :CD= CD : CB, 

AC=KLL, CD^HE, CB = HL, 
KH:HE=^HE:HL, 

KH, HL^HE\ 
whence, the angles KHE, EHL being right, 

EKL is a triangle right-angled at E [cf. vi. 8]. 

Hence E lies on a semicircle on KL as diameter. 

Similarly for F, G. 

Thus a semicircle on KL as diameter revolving round KL passes 
successively through E, F, G> 


since 
while 
we have 
or 


(3) 

therefore 

And 


AB=^ZBC\ 

BA = %AC, 

BA:AC=^BA^:BA .AC 
= BA^:AD\ 


Therefore BA^ = ^AD^. 

If r be the radius of the circumscribed sphere, 

(edge of tetrahedron) = . r = . r. 


It will be observed that, although in these cases Euclid’s construction is 
equivalent to inscribing the particular regular solid in a given sphere, he does 
not actually construct the solid in the sphere but constructs a solid which a 
sphere equal to the given sphere will circumscribe. Pappus, on the other 
hand, in dealing with the same problems, actually constructs the respective 
solids in the given spheres. His method is to find circular sections in the 
given spheres containing a certain number of the angular points of the given 
solids. His solutions are interesting, although they require a knowledge of 
some properties of a sphere which are of course not found in the Elements 
but belonged to treatises such as the Sphaerica of Theodosius. 


Pappus’ solution of the problem of Eucl. XIII. 13. 

In order to inscribe a regular pyramid or tetrahedron in a given sphere, 
Pappus (ill, pp. 142 — 144) finds two circular sections equal and parallel to one 
another, each of which contains one of two opposite edges as its diameter. In 
this and the other similar problems he proceeds in the orthodox manner by 
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The following is a reproduction of his solution of 
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analysis and synthesis, 
this case. 


Anafysis, 

Suppose the problem solved, A, By C, D being the angular points of the 
required pyramid. 

Through A draw EF parallel to CD ; this will make equal angles with 
ACy AD; and, since AB does so too, £F 
is perpendicular to A B [Pappus has a lemma 
for this, p. 140, 12 — 24], and is therefore a 
tangent to the sphere (for EF is parallel to 
CDy the base of the triangle A CD, and 
therefore touches the circle circumscribing 
it, while it also touches the circular section 
AB made by the plane passing through AB 
and perpendicular to it). 

Similarly GD drawn through D parallel 
to A B touches the sphere. 

And the plane through G//, CD makes 
a circular section equal and parallel to AB, 

Through the centre K of that circular 
section, and in the plane of the section, draw LM perpendicular to CD and 
therefore parallel to AB, Join BL, BM, 

BMis then perpendicular to AB, LM, and Zi^ is a diameter of the sphere. 

Join MC* 

Then LAP^ 2MC\ 

and BC AB — LM, 

so that BC^-zMC^, 



And BM, being perpendicular to the plane of the circle LM, is perpen- 
dicular to CM, 

whence B(P^BAP^MC\ 

so that BM— MC, 

But BC — LM ; 

therefore LM^ — 2B M"^, 

And, since the angle LMB is right, 

BD = LM^- + MB^ = iLM\ 


Synthesis, 

Draw two parallel circular sections of the sphere with diameter d\ 
such that 


where d is the diameter of the sphere. 

[This is easily done by dividing BL, any diameter of the sphere, at P, so 
that LP= 2pBy and then drawing PM at right angles to LB meeting the 
great circle LMB of the sphere in M, Then LM^ : LB'^ — LP : LB =2:3.] 
Draw sections through M, B perpendicular to MB, and in these sections 
respectively draw the parallel diameters LM, AB, 

Lastly, in the section LM draw CD through the centre K perpendicular 
to LM, 

ABCD is then the required regular pyramid or tetrahedron. 
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Proposition 14. 

To construct an octahedron and comprehend it in a sphere, 
as in the preceding case ; and to prove that the square on the 
diameter of the sphere is double of the square on the side of the 
octahedron. 

Let the diameter AB of the given sphere be set out, 
and let it be bisected at C ; 
let the semicircle ADB be described on AB, 
let CD be drawn from C at right angles to AB, 
let DB be joined ; 

let the square EFGH, having each of its sides equal to DB, 
be set out, 

let HF, FG be joined, 

from the point K let the straight line KL be set up at right 
angles to the plane of the square FFGH [xi. 12], and let it be 
carried through to the other side of the plane, as KM ; 

from the straight lines KF, KM let KL, KM be respectively 
cut off equal to one of the straight lines FK, FK, GK, HK, 
and let LF, LF, LG, LH, MF, MF, MG, MH be joined. 


L 



Then, since KF is equal to KH, 
and the angle FKH is right, 

therefore the square on HF is double of the square on FK. 

. . . , 47] 

Again, since LK is equal to KF, 
and the angle LKF is right, 

therefore the square on FL is double of the square on FK. 

\id.-\ 
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But the square on HE was also proved double of the 
square, on EK ; 

therefore the square on LE is equal to the square on EH ; 
therefore LE is equal to EH. 

For the same reason 
LH is also equal \.o HE \ 
therefore the triangle LEH is equilateral. 

Similarly we can prove that each of the remaining tri- 
angles of which the sides of the square EFGH are the bases, 
and the points Z, M the vertices, is equilateral ; 
therefore an octahedron has been constructed which is con- 
tained by eight equilateral triangles. 

It is next required to comprehend it in the given sphere, 
and to prove that the square on the diameter of the sphere is 
double of the square on the side of the octahedron. 

For, since the three straight lines LK, KM, KE are equal 
to one another, 

therefore the semicircle described on LM will also pass 
through E. 

And for the same reason, 

if, LM remaining fixed, the semicircle be carried round and 
restored to the same position from which it began to be 
moved, 

it will also pass through the points F, G, H, 

and the octahedron will have been comprehended in a sphere. 

I say next that it is also comprehended in the given sphere. 
For, since LK is equal to KM, 

while KE is common, 
and they contain right angles, 

therefore the base LE is equal to the base EM. [i. 4] 

And, since the angle LEM is right, for it is in a semicircle, 

[hi- 31 ] 

therefore the square on LM is double of the square on LE. 

[•• 47] 

Again, since AC is equal to CB, 

AB is double of BC. 
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But, as AB is to BC, so is the square on AB to the square 
on BD ; 

therefore the square on A B \s double of the square on BD. 

But the square on LM was also proved double of the 
square on LE. 

And the square on DB is equal to the square on LE, for 
EH was made equal to DB. 

Therefore the square on AB is also equal to the square 
on LM; 

therefore AB is equal to LM. 

And AB is the diameter of the given sphere ; 
therefore LM \s equal to the diameter of the given sphere. 

Therefore the octahedron has been comprehended in the 
given sphere, and it has been demonstrated at the same time 
that the square on the diameter of the sphere is double of the 
square on the side of the octahedron. 

Q. E. u. 

I think the accompanying figure will perhaps be clearer than that in 
Euclid’s text. 

EFGH being a square with side equal to BD, it follows that KE, KF, 
KG, KH are all equal to CB. 


L 



So are KL, KM, by construction ; 

hence LE, LF, LG, LH a.nA ME, MF, MG, MH are all equal to EF or BD. 

Thus (1) the figure is made up of eight equilateral triangles and is therefore 
a regular octahedron. 

(2) Since KE^KL = KM, 

the semicircle on LM in the plane LKE passes through E. 

Similarly F, G, H lie on semicircles on LM as diameter. 

Thus all the vertices of the tetrahedron lie on the sphere of which LM is 
a diameter. 

(3) LE = EM=BD; 

therefore LM'^ = 2ED = 2BD^ 

=^AB\ 

LM=AB. 


or 
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If r he the radius of the circumscribed sphere, 

(edge of octahedron) - ^2 

Pappus' method. 

Pappus (ill. pp. 148 — 150) finds the two equal and parallel sections of the 
sphere which circumscribe two opposite faces of the octahedron thus. 

Analysis, 

Suppose the octahedron inscribed, C \ Z>, F being the vertices. 

Through ABC, DEF describe planes 
making the circular sections ABC, DEF. 

Since the straight lines DA, DB, DE, DF 
are equal, the points A, E, F, B lie on a circle 
of which D is the pole. 

Again, since AB, BF, FE, EA are equal, 

A BEE is a square inscribed in the said circle, 
and AB, EF Me parallel. 

Similarly DE is parallel to BC, and DF 
to AC. 

Therefore the circles through D, E, 7 ^ and 
A, B, C are parallel ; and they are also equal 
because the equilateral triangles inscribed in 
them are equal. 

Now, ABC, DEFhemg equal and parallel circular sections, and AB, EF 
equal and parallel chords “ not on the same side of the centres,” 

AF is a. diameter of the sphere. 

[Pappus has a lemma for this, pp. 136 — 138]. 

And AE = EF, so that AF‘^ = 2FE\ 

But, if d* be the diameter of the circle DEF, 

d'^ = ^EF'\ [cf. XIII. 12 ] 

Therefore, if d be the diameter of the sphere, 

Now d is given, and therefore d’ is given ; hence the circles DEF, ABC 
are given. 

SynlAesis. 

Draw two equal and parallel circular sections with diameter d\ such that 

where d is the diameter of the sphere. 

Inscribe an equilateral triangle ABC in either circle {ABC). 

In the other circle draw EF equal and parallel to A B but on the opposite 
side of the centre, and complete the inscribed equilateral triangle DEF. 

ABCDEFis the octahedron required. 

It will be observed that, whereas in the problem of xiii. 13 Euclid first 
finds the circle circumscribing a face and Pappus first finds an edge, in this 
problem Euclid finds the edge first and Pappus the circle circumscribing 
a face. 
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Proposition 15. 

To construct a cube and comprehend it in a sphere, like the 
pyramid ; and to prove that the square on the diameter of the 
sphere is triple of the square on the side of the cube. 

Let the diameter AB oi the given sphere be set out, 
and let it be cut at C so that AC is double of CB ; 
let the semicircle ADB be described on AB, 
let CD be drawn from C at right angles to AB, 
and let DB be joined ; 

let the square EFGH having its side equal to DB be set out, 
from E, F, G, H let EK, FL, GM, FIN be drawn at right 
angles to the plane of the square EF'GH, 
from EK, EL, GM, HN let EK, FL, GM, HN respectively 
be cut off equal to one of the straight lines EF, FG, 
GH, HE, 

and let KL, LM, MN, NK be joined ; 

therefore the cube FN has been constructed which is contained 
by six equal squares. 



L M 


It is then required to comprehend it in the given sphere, 
and to prove that the square on the diameter of the sphere is 
triple of the square on the side of the cube. 

For let KG, EG be joined. 

Then, since the angle KEG is right, because KE is also 
at right angles to the plane EG and of course to the straight 
line EG also, [xi. Def. 3] 

therefore the semicircle described on KG will also pass through 
the point E. 

Again, since GF is at right angles to each of the straight 
lines FL, FE, 

GF is also at right angles to the plane FK ; 

hence also, if we join FK, GF will be at right angles to FK ; 
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and for this reason again the semicircle described on GK will 
also pass through F. 

Similarly it will also pass through the remaining angular 
points of the cube. 

If then, KG remaining fixed, the semicircle be carried 
round and restored to the same position from which it began 
to be moved, 

the cube will be comprehended in a sphere. 

I say next that it is also comprehended in the given 
sphere. 

For, since ( 7 /^ is equal to FE, 
and the angle at F is right, 

therefore the square on EG is double of the square on EF. 
But EF is equal to EK ; 

therefore the square on EG is double of the square on EK ; 
hence the squares on GE, EK, that is the square on 6^ A' [1.47], 
is triple of the square on EK. 

And, since AB is triple of BC, 
while, as AB is to BC, so is the square on A B to the square 
on BD, 

therefore the square on A B is triple of the square on BD. 

But the square on GK was also proved triple of the square 
on KE. 

And KE was made equal to DB ; 
therefore KG is also equal to AB. 

And AB is the diameter of the given sphere ; 
therefore KG is also equal to the diameter of the given 
sphere. 

Therefore the cube has been comprehended in the given 
sphere ; and it has been demonstrated at the same time that 
the square on the diameter of the sphere is triple of the square 
on the side of the cube. 

Q. E. D. 

A£ is divided so that AC= 2CB ; CD is drawn at right angles to AB, 
and BD is joined. 

KG is, by construction, a cube of side equal to BD. 

To prove (i) that it is inscribable in a sphere. 

Since KE is perpendicular to EH, EF, 

KE is perpendicular to EG. 
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Thus, KEG being a right angle, E lies on a semicircle with diameter KG, 
The same thing is proved in the same way of the other vertices 
F, B, L, M, N 

Thus the cube is inscribed in the sphere of which KG is a diameter. 

(2) KG^^KE'^ + EG^ 

= KK^ + 2 EF^ 


Also 

while 

therefore 

But 

therefore 


AB = zBC, 

AB :BC^AB^ .AB ,BC 
= AB^:BjD^-; 
AB^ = 3BB\ 

BD = EK; 

KG = AB, 


(3) = 

= 7 ,KE\ 

If r be the radius of the circumscribed sphere, 

2 

(edge of cube) = ^ = I \/3 • 

v3 


Pappus’ solution. 

In this case too Pappus (iii. pp. 144—148) gives the full analysis and 
synthesis. 

Analysis* 

Suppose the problem solved, and let the vertices of the cube be 
A, B, Q D, E, F, G, H, 

Draw planes through A^ B^ C, D and 
£, Ff Gf B respectively ; these will produce 
parallel circular sections, which are also equal 
since the inscribed squares are equal. 

And CE will be a diameter of the sphere. 

Join EG, 

Now, since EG^ = 2EB^ - 2GC% 
and the angle CGE is right, 

CE'^ = GC^ + EG^ - lEG^ 

But CE^ is given ; 

therefore EG^ is given, so that the circles 
EFGH, ABCBf and the squares inscribed in them, are given. 

Synl/iesis, 

Draw two parallel circular sections with equal diameters such that 

where d is the diameter of the given sphere. 

Inscribe a square in one of the circles, as ABCD, 

In the other circle draw FG equal and parallel to BC^ and complete the 
square on FG inscribed in the circle EFGH, 

The eight vertices of the required cube are thus determined. 
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Proposition 16. 


To construct an icosahedron and comprehend it in a sphere, 
like the aforesaid figures ; and to prove that the side of the 
icosahedron is the irrational straight line called minor. 

Let the diameter AB of the given sphere be set out, 
and let it be cut at C so that is quadruple of CB, 
let the semicircle ADB be described on AB, 


let the straight line CD be drawn from C at right angles 


to AB, 


and let DB be joined ; 



T 


let the circle EFGHK be set out and let its radius be equal 
to DB, 

let the equilateral and equiangular pentagon EFGHK be 
inscribed in the circle EFGHK, 

let the circumferences EF, FG, GH, HK, KE be bisected at 

the points L, M, N, O, P, 

and let LM, MN, NO, OP, PL, EP be joined. 


H. E. III. 


3 » 
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Therefore the pentagon LMNOP is also equilateral, 
and the straight line EP belongs to a decagon. 

Now from the points E, G, H, K let the straight lines 
EQ, EP, GS, HT, KU be set up at right angles to the plane 
of the circle, and let them be equal to the radius of the circle 
EFGHK, 

let QR, RS, ST, TU, UQ, QL, LR, RM, MS, SN, NT, 
TO, OU, UP, PQ be joined. 

Now, since each of the straight lines EQ, KU is at right 
angles to the same plane, 

therefore EQ is parallel to KU. [xi- 6] 

But it is also equal to it : 

and the straight lines joining those extremities of equal and 
parallel straight lines which are in the same direction are equal 
and parallel. ['• 33] 

Therefore QU is equal and parallel to EK. 

But EK belongs to an equilateral pentagon ; 
therefore QU a\so belongs to the equilateral pentagon inscribed 
in the circle EFGHK. 

For the same reason 

each of the straight lines QR, RS, ST, TU also belongs to 
the equilateral pentagon inscribed in the circle EFGHK ; 
therefore the pentagon QRSTU is equilateral. 

And, since QE belongs to a hexagon, 
and’ EP to a decagon, 
and the angle QEP is right, 
therefore QP belongs to a pentagon ; 

for the square on the side of the pentagon is equal to the 
square on the side of the hexagon and the square on the side 
of the decagon inscribed in the same circle. [xm. lo] 

For the same reason 
PU IS also a side of a pentagon. 

But QU also belongs to a pentagon ; 
therefore the triangle QPU is equilateral. 

For the same reason 

each of the triangles QLR, RMS, SNT, TO U is also equi- 
lateral. 
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And, since each of the straight lines QL, QP was proved 
to belong to a pentagon, 
and LP also belongs to a pentagon, 
therefore the triangle QLP is equilateral. 

For the same reason 

each of the triangles LRM, MSN, NTO, OUP is also equi- 
lateral. 

Let the centre of the circle EFGHK. the point V, be 
taken ; 

from V let VZ be set up at right angles to the plane of the 
circle, 

let it be produced in the other direction, as VX, 

let there be cut off VW, the side of a hexagon, and each of 

the straight lines VX, WZ, being sides of a decagon, 

and let QZ, QW, UZ, EV, LV, LX, XM be joined. 

Now, since each of the straight lines VW, QE is at right 
angles to the plane of the circle, 

therefore VW is parallel to QE. [xi. 6] 

But they are also equal ; 

therefore EV, QW are also equal and parallel. [i. 33] 

But E V belongs to a hexagon ; 
therefore Q W also belongs to a hexagon. 

And, since belongs to a hexagon, 
and WZ to a decagon, 
and the angle Q WZ is right, 

therefore QZ belongs to a pentagon. [xm. 10] 

For the same reason 
UZ also belongs to a pentagon, 

inasmuch as, if we join VK, WU, they will be equal and 
opposite, and VK, being a radius, belongs to a hexagon ; 

[iv. 15, Por.] 

therefore WU also belongs to a hexagon. 

But WZ belongs to a decagon, 
and the angle UWZ is right ; 

therefore UZ belongs to a pentagon. [xm. 10] 

But QU also belongs to a pentagon ; 
therefore the triangle QUZ is equilateral. 


31—2 
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For the same reason 

each of the remaining triangles of which the straight lines 
QR, RS, ST, TU the bases, and the point Z the vertex, 

is also equilateral. 

Again, since VL belongs to a hexagon, 
and VX to a decagon, 
and the angle L VX is right, 
therefore LX belongs to a pentagon, 

For the same reason, 

if we join MV, which belongs to a hexagon, 

MX is also inferred to belong to a pentagon. 

But LM also belongs to a pentagon ; 
therefore the triangle LMX is equilateral. 

Similarly it can be proved that each of the remaining 
triangles of which MN, NO, OP , PL are the bases, and the 
point X the vertex, is also equilateral. , . , • 

Therefore an icosahedron has been constructed which is 
contained by twenty equilateral triangles. 

It is next required to comprehend it in the given sphere, 
and to prove that the side of the icosahedron is the irrational 
straight line called minor. 

For, since VW belongs to a hexagon, 
and WZ to a decagon, 

therefore VZ has been cut in extreme and mean ratio at W, 
and FfF is its greater segment; [xm. 9] 

therefore, as ZFis to VW, so is VW to WZ. 

But VWis equal to V£, and WZ to VX ; 
therefore, as ZFis to V£, so is .fi'F to VX. 

And the angles Z VE, E VX are right ; 
therefore, if we join the straight line EZ, the angle XEZ 
will be right because of the similarity of the triangles XEZ, 
VEZ. 

For the same reason, 

since, as ZV is to VW, so is VW to WZ, 
and ZV 'is equal to XW, and VW to WQ, 
therefore, as XW is to WQ, so is QW to WZ. 
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And for this reason again, 

if we join QX, the angle at Q will be right ; [vi. 8] 

therefore the semicircle described on XZ will also pass 
through Q. [•"■ 3*1 

And if, XZ remaining fixed, the semicircle be carried 
round and restored to the same position from which it began 
to be moved, it will also pass through Q and the remaining 
angular points of the icosahedron, 

and the icosahedron will have been comprehended in a 
sphere. 

I say next that it is also comprehended in the given sphere. 
For let VlVhe bisected at 

Then, since the straight line yZ has been cut in extreme 
and mean ratio at IV, 
and ZfV is its lesser segment, 

therefore the square on Z IV added to the half of the greater 
segment, that is JVA', is five times the square on the half 
of the greater segment ; 3] 

therefore the square on ZA' is five times the square on 
A'W. 

And ZX is double of ZA', and VJV double of A' JV ; 
therefore the square on ZX is five times the square on 
WV. 

And, since AC is quadruple of CB, 
therefore AB is five times BC. 

But, as A B is to BC, so is the square on A B to the square 
on BD ; [vi- v- Def. 9] 

therefore the square on AB is five times the square on BD. 

But the square on ZX was also proved to be five times 
the square on VIV. 

And DB is equal to VW, 

for each of them is equal to the radius of the circle EFGHK", 
therefore AB is also equal to XZ. 

And AB is the diameter of the given sphere ; 
therefore XZ is also equal to the diameter of the given sphere. 

Therefore the icosahedron has been comprehended in the 
given sphere. 
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I say next that the side of the icosahedron is the irrational 
straight line called minor. 

For, since the diameter of the sphere is rational, 
and the square on it is five times the square on the radius 
of the circle EFGHK^ 

therefore the radius of the circle EFGHK is also rational ; 
hence its diameter is also rational. 

But, if an equilateral pentagon be inscribed in a circle 
which has its diameter rational, the side of the pentagon is 
the irrational straight line called minor. [xiii. ii] 

And the side of the pentagon EFGHK is the side of the 
icosahedron. 

Therefore the side of the icosahedron is the irrational 
straight line called minor. 

PoRisM. From this it is manifest that the square on the 
diameter of the sphere is five times the square on the radius 
of the circle from which the icosahedron has been described, 
and that the diameter of the sphere is composed of the side 
of the hexagon and two of the sides of the decagon inscribed 
in the same circle. 

Q. E. D. 


Euclid’s method is 

(1) to find the pentagons in the two parallel circular sections of the sphere, 
the sides of which form ten (five in each circle) of the edges of the icosahedron, 

(2) to find the two poirvts which are the poles of the two circular sections, 

(3) to prove that the triangles formed by joining the angular points of the 
pentagons which are nearest to one another two and two are equilateral, 

(4) to prove that the triangles of which the px)les are the vertices and the 
sides of the pentagons the bases are also equilateral, 

(5) that all the angular points other than the poles lie on a sphere the 
diameter of which is the straight line joining the poles, 

( 6 ) that this sphere is of the same size as the given sphere, 

(7) that, if the diameter of the sphere is rational, the edge of the icosahedron 
is the minor irrational straight line. 

I have drawn another figure which will perhaps show the pentagons, and 
the position of the poles with regard to them, more clearly than does Euclid’s 
figure. 

(i) If AB is the diameter of the given sphere,, divide AB at C so that 

AC=/^CB-, 

draw CD at right angles to AB meeting the semicircle on AB in D. 

Join BD. 
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BD is the radius of the circular sections containing the pentagons. 
[If r is the radius of the sphere, 
since AB : BC = AB^ ,AB.BC 

= AB^-,BD\ 

while AB = 5-5C*, 

it follows that AB'^ - sBD\ 

or (radius of section)* = 

Thus [xiii. 10, note] (side of pentagon)* = - (10 - 2,^/5).] 



Inscribe the regular pentagon EFGHK in the circle EFGHK of radius 
equal to BD, 

Bisect the arcs EF^ FG, so forming a decagon in the circle. 

Joining successive points of bisection, we obtain another regular pentagon 
LMNOP, 

LMNOP is one of the pentagons containing five edges of the icosahedron. 

The other circle and inscribed pentagon are obtained by drawing perpen- 
diculars from jE, F^ G, H, K to the plane of the circle, as EQ^ FR, GS^ 
HT, KUy and making each of these perpendiculars equal to the radius of the 
circle, or, as Euclid says, the side of the regular hexagon in it. 

QRSTU is the second pentagon (of course equal to the first) containing five, 
edges of the icosahedron. 

Joining each angular point of one of the two pentagons to the two nearest 
angular points in the other pentagon, we complete ten triangles each of which 
has for one side a side of one or other of the two pentagons. 

Vy W are the centres of the two circles, and VW is of course perpen- 
dicular to the planes of both. 

(2) Produce VIV in both directions, making VX and WZ both equal to 
a side of the regular decagon in the circle (as EL), 

Joining Xy Z to the angular points of the corresponding pentagons, we 
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havt; five more triangles formed with the sides of each pentagon as bases, ten 
more triangles in all 

Now we come to the proof. 

(3) Taking two adjacent perpendiculars, EQ^ KU^ to the plane of the circle 
EFGHK, we see that they are parallel as well as equal ; 

therefore QUy EK are equal and parallel. 

Similarly for QR^ EF^ic. 

Thus the pentagons have their sides equal. 

To prove that the triangles QPL etc., are equilateral, we have, e.g. 
QD^LE^-^EQ^ 

- (side of decagon)^ + (side of hexagon)* 

- (side of pentagon)*, [xm. 10] 

i.e. QL = (side of pentagon in circle) 

= LP. 

Similarly QP = LP^ 

and A QPL is equilateral. 

So for the other triangles between the two pentagons. 

(4) Since VW^ EQ are equal and parallel, 

VE^ JVQ are equal and parallel. 

Thus JVQ is equal to the side of a regular hexagon in the circles. 

Now the angle ZIVQ is right ; 
therefore ZQ^ == ZJV^ ^ JVQ^ 

= (side of decagon)* -f (side of hexagon)* 

= (side of pentagon)*. [xiii. 10] 

Thus ZQt ZRf ZSf ZT, ZU are all equal to QR^ RS etc. ; and the 
triangles with Z as vertex and bases QR^ RS etc. are equilateral. 

Similarly for the triangles with X as vertex and LMy MN etc. as bases. 
Hence the figure is an icosahedron, being contained by twenty equal 
equilateral triangles. 

.(5) ’To prove that all the vertices of the icosahedron lie on the sphere 
which has XZ for diameter. 

KfF being equal to the side of a regular hexagon, and WZ to the side of 
a regular decagon inscribed in the same circle, 

J^Z is divided at JV in extreme and mean ratio. [xiii. 9] 

Therefore ZV : VJV - VJV : JVZ, 

or, since V 1 V=VE, WZ = VX, 

ZV'. VE= VE : VX. 

Thus E lies on the semicircle on ZX as diameter. [vi. 8] 

Similarly for all the other vertices of the icosahedron. 

Hence the sphere with diameter XZ circumscribes it. 

(6) To prove XZ^ AB. 

Since VZ is divided in extreme and mean ratio at W^ and VW is 
bisected at A\ 

AZ^^^AW\ [ xiii . 3] 

Taking the doubles of AZ., A Wy we have 


[see under (i) above] 
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That is, XZ = AB. 

fif r is the radius of the sphere, 


nV=£D=-i~r, 

n/ 5 

yX — (side of decagon in circle of radius BD) 

BD , , > 

= — (V5-O 


[xiii. 9, note] 


Consequently 


XZ= VW+tVX 


= 2^.] 


(6) The radius of the circle EFGHK is equal to ^ r, and is therefore 
“ rational ” in Euclid ^s sense. 

Hence the side of the inscribed pentagon is the irrational straight line 
called [xiii. iij 

[The side of this pentagon is the edge of the icosahedron, and its value is 
(note on xiii. 10) 

BD , — — r 
— JlO - 2JS 


= ^ V 10(5- Vs)-] 

Pappus’ solution. 

This solution (Pappus, iii. pp. 150 — 6) differs considerably from that of 
Euclid. Whereas Euclid uses iwo circular sections of the sphere (those- 
circumscribing the pentagons of his construction). Pappus finds /our parallel 
circular sections each passing through tAree of the vertices of the icosahedron ; 
two of the circles are small circles circumscribing two opposite triangular 
faces respectively, and the other two circles are between these two circles, 
parallel to them and equal to one another. 

Analysis, 

Suppose the problem solved, the vertices of the icosahedron being A, B^ C; 
D, E, F] G, H, E ; Z, M, N, 

Since the straight lines BA^ BCy BF^ BGy BE drawn from B to the 
surface of the sphere are equal, 

A^ Q Fy G, E are in one plane. 

And A C, CFy FG, GEy EA are equal ; 
therefore ACFGE is an equilateral and equiangular pentagon. 

So are the figures KEBCDy DBTFBA, AKLGBy AKNHCy and 
CHMGB, 

Join EFy KH, 
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Now AC will be parallel to EF (in the pentagon ACFGE) and to KH 
(in the pentagon AKNHC)^ so that EF^ KH are also parallel ; 

and further .^^is parallel to LM (in the pentagon LKDHM). 


y 

X 


Similarly BC, ED, GH, LN all parallel ; 
and likewise BA, FD, GK, MN 2X^ all parallel. 

Since BC is equal and parallel to LN, and BA to MN, the circles ABC, 
LMN Site equal and parallel. 

Similarly the circles DEF, KGH diXQ equal and parallel; for the triangles 
inscribed in them are equal (since each of the sides in both is the chord 
subtending an angle of equal pentagons), and their sides are parallel re- 
spectively. 

Now in the equal and parallel circles DEF, KGH the chords EF, KH 
are equal and parallel, and on opposite sides of the centres ; 
therefore FK i^ a diameter of the sphere [Pappus’ lemma, pp. 136—8], and the 
angle FEK is right [Pappus’ lemma, p. 138, 20—26]. 

[The diameter FK is not actually drawn in the figure.] 

In the pentagon GEA CF, if EF be divided in extreme and mean ratio, 
the greater segment is equal to A C. [EucL xiii. 8] 

Therefore EF: AC - (side of hexagon) : (side of decagon in same circle). 

[xiii. 9] 

And EF^ + A C^=-- EF^ 4- EK^ = 

where d is the diameter of the sphere. 

Thus FK, EF, AC ene as the sides of the pentagon, hexagon and decagon 
respectively inscribed in the same circle. [xiii. 10] 

But FK, the diameter of the sphere, is given ; 

therefore EF, A C are given respectively ; 

thus the radii of the circles EFD, A CB are given (if r, r' are their radii, 
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Hence the circles are given ; 

and so are the circles KHG, LMN which are equal and parallel to them 
respectively. 

SyntJiesis, 

If d be the diameter of the sphere, set out two straight lines x, y, such 
that dy Xy y are in the ratio of the sides of the pentagon, hexagon and decagon 
respectively inscribed in one and the same circle. 

Draw (i) two equal and parallel circular sections in the sphere, with radii 
equal to r, where as DEFy KGHy 

and (2) two equal and pwirallel circular sections as ABCy LMNy with radius / 
such that = ^y^- 

In the circles (i) draw £F EH sls sides of inscribed equilateral triangles, 
parallel to one another, and on opposite sides of the centres ; 
and in the circles (2) draw JCy LM 3 is sides of inscribed equilateral triangles 
parallel to one another and to EFy KHy and so that A C, EF are on opposite 
sides of the centres, and likewise KHy LM, 

Complete the figure. 

The correctness of the construction is proved as in the analysis. 

It follows also (says Pappus) that 

(diam. of sphere)^ = 3 (side of pentagon in £>EFy. 

For, by construction, KF : FE -p\hy 
where /, h are the sides of the pentagon and hexagon inscribed in the same 
jSircle DEF, 

And FE : = the ratio of the side of an equilateral triangle to that of a 

hexagon inscribed in the same circle ; 
that is, FE . : ly 

whence KF : / = >/3 • 

or KF^^%p\ 


Another construction. 

Mr H. M. Taylor has a neat construction for an icosahedron of edge a. 

Let / be the length of the diagonal of a regular pentagon with side equal 
to a. 

Then (figure of xiii. 8), by Ptolemy's theorem, 

P z= /a + a^. 

Construct a cube with edge equal to /. 

Let O be the centre of the cube. 

From O draw OLy OMy perpendicular to three adjacent faces, and in 
these draw PFy QQy FE' parallel to ABy ADy AE respectively. 

Make LPy LP'y MQy MQy NFy NE' all equal to ^a. 

Let py p'y qy q, ry r be the reflexes of Py P\ Qy Qy E, E' respectively. 

Then will Py P'y Qy Q', Ey E', py /, qy q'y r, r be the vertices of a regular 
icosahedron. 

The projections of PQ on ABy ADy AE are equal to \ay \l 

respectively. 

Therefore = i (^- ^ 
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Therefore PQ~a, 

Similarly it may be proved that every other edge is equal to a. 
All the angular points lie on a sphere with radius OP^ and 



Each solid pentahedral angle is composed of five equal plane angles, each 
of which is the angle of an equilateral triangle. 

Therefore the icosahedron is regular. 

And, from the equation P = /a + a^y we derive 

^=f(V5 + i)- 

Therefore, if r he the radius of the sphere, 

whence a = 4r/\/io -i- 2^5 

-4r fj 10- 2^5/\/8 o 

= ^ io(S-n/s). 


as above.] 
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Proposition i 7. 

To construct a dodecahedron and comprehend it in a sphere, 
like the aforesaid figures, and to prove that the side of the 
dodecahedron is the irrational straight line called apotome. 

Let ABCD, CBEF, two planes of the aforesaid cube at 
right angles to one another, be set out, 

let the sides AB, BC, CD, DA, EF, EB, FC be bisected at 
G, H, K, L, M, N, O respectively, 
let GK, HL, MH, NO be joined, 

let the straight lines NP, PO, HQ be cut in extreme and 

mean ratio at the points R, S, T respectively, 

and let RP, PS, TQ be their greater segments ; 

from the points R, S, Tlet RU, SV, TJVhe set up at right 

angles to the planes of the cube towards the outside of the 

cube, 

let them be made equal to RP, PS, TQ, 
and let UB, BW, WC, CV, be joined. 



I say that the pentagon UB WC V is equilateral, and in 
one plane, and is further equiangular. 

For let RB, SB, VB be joined. 
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Then, since the straight line NP has been cut in extreme 
and mean ratio at R, 
and RP is the greater segment, 

therefore the squares on PN, NR are triple of the square 
on RP. [xni. 4] 

But PN is equal to NB, and PR to ^ 6^ ; 
therefore the squares on BN, NR are triple of the square 
on RU. 

But the square on BR is equal to the squares on BN, NR ; 

[I. 47] 

therefore the square on BR is triple of the square on RU •, 
hence the squares on BR, RU are quadruple of the square 
on RU. 

But the square on BU xs, equal to the squares on BR, RU ; 
therefore the square oxx BU\% quadruple of the square on RU-, 
therefore BU \% double oi RU. 

But VU is also double of UR, 
inasmuch as SR is also double of PR, that is, of RU ; 
therefore ^ 6^ is equal to U V. 

Similarly it can be proved that each of the straight lines 
B IV, JVC, CK is also equal to each of the straight lines 
BU, UV. 

Therefore the pentagon BUVCJV is equilateral. 

I say next that it is also in one plane. 

For let PX be drawn from P parallel to each of the 
straight lines RU, SV and towards the outside of the cube, 
and \tiXH, be joined; 

I say that XHJV is a straight line. 

For, since HQ has been cut in extreme and mean ratio at 
T, and QT is its greater segment, 
therefore, as HQ is to QT, so is QT to TH. 

But HQ is equal to HP, and QT to each of the straight 
lines TW, PX \ 

therefore, as HP is to PX, so is WT to TH. 

And HP is parallel to TW, 

for each of them is at right angles to the plane BD ; [xi. 6] 
and TH is parallel to PX, 

for each of them is at right angles to the plane BF. [*d.] 
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But if two triangles, as XPH, HTW, which have two 
sides proportional to two sides be placed together at one 
angle so that their corresponding sides are also parallel, 
the remaining straight lines will be in a straight line ; [vi. 32] 
therefore XH is in a straight line with HW. 

But every straight line is in one plane ; [xi. i] 

therefore the pentagon UB JVC J^ is in one plane. 

I say next that it is also equiangular. 

For, since the straight line NP has been cut in extreme 
and mean ratio at R, and PR is the greater segment, 
while PR is equal to PS, 

therefore NS has also been cut in extreme and mean ratio 
at P, 

and NP is the greater segment ; [xni. 5] 

therefore the squares on NS, SP are triple of the square 
on NP. [xiii. 4] 

But NP is equal to NB, and PS to SJ^; 
therefore the squares on NS, S V are triple of the square 
on NB ; 

hence the squares on J^S, SN, NB are quadruple of the square 
on NB. 

But the square on SB is equal to the squares on SN, NB ; 

therefore the squares on BS, Sl^, that is, the square on BJ^ 
— for the angle l^SB is right — is quadruple of the square 
on NB ; 

therefore l^B is double of BN. 

But BC is also double of BN ; 
therefore BV is equal to BC. 

And, since the two sides BC/, UJ/ are equal to the two 
sides BW, JVC, 

and the base BV is equal to the base BC, 

therefore the angle BUV is equal to the angle BJVC. [i. 8] 

Similarly we can prove that the angle C/VC is also equal 
to the angle B JVC ; 

therefore the three angles BJVC, BUV, UVC are equal to 
one another. 
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But if in an equilateral pentagon three angles are equal to 
one another, the pentagon will be equiangular, [xiii. 7] 

therefore the pentagon B U VC W is equiangular. 

And it was also proved equilateral ; 
therefore the pentagon BUVCW is equilateral and equi- 
angular, and it is on one side BC of the cube. 

Therefore, if we make the same construction in the case 
of each of the twelve sides of the cube, 

a solid figure will have been constructed which is contained 
by twelve equilateral and equiangular pentagons, and which is 
called a dodecahedron. 

It is then required to comprehend it in the given sphere, 
and to prove that the side of the dodecahedron is the irrational 
straight line called apotome. 

For let XP be produced, and let the produced straight 
line be XZ ; 

therefore PZ meets the diameter of the cube, and they bisect 
one another, 

for this has been proved in the last theorem but one of the 
eleventh book. [xi. 38] 

Let them cut at Z ; 

therefore Z is the centre of the sphere which comprehends 
the cube, 

and ZP is half of the side of the cube. 

Let UZ be joined. 

Now, since the straight line NS has been cut in extreme 
and mean ratio at P, 
and NP iS its greater segment, 

therefore the squares on NS, SP are triple of the square 
on NP. [xiii. 4] 

But NS is equal to XZ, 

inasmuch as NP is also equal to PZ, and XP to PS. 

But further PS is also equal to X U, 
since it is also equal to RP ; 

therefore the squares on ZX, XU are triple of the square 
on NP. 

But the square on UZ is equal to the squares on ZX, X U ; 
therefore the square on UZ is triple of the square on NP. 
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But the square on the radius of the sphere which compre- 
hends the cube is also triple of the square on the half of the 
side of the cube. 

for it has previously been shown how to construct a cube and 
comprehend it in a sphere, and to prove that the square on 
the diameter of the sphere is triple of the square on the side 
of the cube. [xiu. 15] 

But, if whole is so related to whole, so is half to half also ; 
and NP is half of the side of the cube ; 

therefore UZ is equal to the radius of the sphere which com- 
prehends the cube. 

And Z is the centre of the sphere which comprehends the 
cube ; 

therefore the point U is on the surface of the sphere. 

Similarly we can prove that each of the remaining angles 
of the dodecahedron is also on the surface of the sphere ; 
therefore the dodecahedron has been comprehended in the 
given sphere. 

I say next that the side of the dodecahedron is the irrational 
straight line called apotome. 

For since, when NP has been cut in extreme and mean 
ratio, RP is the greater segment, 

and, when PO has been cut in extreme and mean ratio, PS 
is the greater segment, 

therefore, when the whole is cut in extreme and mean 
ratio, RS is the greater segment. 

[Thus, since, as NP is to PR, so is PR to RN, 
the same is true of the doubles also, 

for parts have the same ratio as their equimultiples ; [v. 15] 

therefore as NO is to RS, so is RS to the sum of NR, SO. 

But NO is greater than RS ; 
therefore RS is also greater than the sum of NR, SO ; 
therefore NO has been cut in extreme and mean ratio, 
and RS is its greater segment] 

But RS is equal to C/V; 

therefore, when NO is cut in extreme and mean ratio, UP is 
the greater segment 


H. E. 111. 


3 * 
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And, since the diameter of the sphere is rational, 
and the square on it is triple of the square on the side of the 
cube, 

therefore A^O, being a side of the cube, is rational. 

[But if a rational line be cut in extreme and mean ratio, 
each of the segments is an irrational apotome.] 

Therefore t/F, being a side of the dodecahedron, is an 
irrational apotome. 

PoRiSM. From this it is manifest that, when the side of 
the cube is cut in extreme and mean ratio, the greater segment 
is the side of the dodecahedron. 

Q. E. D. 

In this proposition we find Euclid using two propositions which precede 
but are used nowhere else, notably vi. 32, which some authors, in consequence 
of their having overlooked its use here, have been hard put to it to explain. 

Euclid’s construction in this case is really identical with that given by 
Mr H. M. Taylor, and also referred to by Henrici and Treutlein under “ crystal- 
formation.” 

Euclid starts from the cube inscribed in a sphere, as in xiii. 15, and then 
finds the side of the regular pentagon in which the side of the cube is a 
diagonal. 

Mr Taylor takes / to be the diagonal of a regular pentagon of side a, 
so that, by Ptolemy’s theorem, 

P- a/ <Py 

constructs a cube of wnich / is the edge, and gets the side of the pentagon 
by drawing ZX from Z, the centre of the cube, perpendicular to the face BF 
and equal to then drawing UV through X parallel to BCy and 

making UXy XV both equal to \a, 

Euclid finds U V thus. 

Draw NOy MH bisecting pairs of opposite sides in the square BF and 
meeting in P. 

Draw GKy HL bisecting pairs of opposite sides in the square BD and 
meeting in Q, 

Divide PNy PO, QH respectively in extreme and mean ratio dX Ry Sy T 
{PRy PSy QT being the greater segments); draw RUy SVy outwards 
perpendicular to the respective faces of the cube, and all equal in length 
to PRy PSy TQ. 

Join BUy UVy VCy CWy WB. 

Then BUVCW is one of the pentagonal faces of the dodecahedron ; 
and the others can be constructed in the same way. 

Euclid now proves 

(1) that the pentagon BUVClVis equilateral, 

(2) that it is in one plane, 

(3) that it is equiangular. 
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(4) that the vertex U is on the sphere which circumscribes the cube, and 
hence 

(5) that all the other vertices lie on the same sphere, 
and (6) that the side of the dodecahedron is an apotome, 

(i) To prove that the pentagon BUVCW \s equilateral. 

We have BU^ = BE^ ^ RU^ 

= {BN^ + NR^) -f RP^ 

= \PN'^ + NR^) + RP^ 

^ZRP^^RP^ [xiii. 4] 

= 4RP^ 

= 

Therefore BU^ UV, 



Similarly it may be proved that BW^ WC, CV are all equal to UV 
or BU, 

[Mr Taylor proceeds in this way. With his notation, the projections of 
BU on BAy BCy BE are respectively i<7, i (/- a), il. 

Therefore BU^ = + i (/- «)* + i/* 

= i{l^-al+a^) 

= a\ 

Similarly for B Wy WC etc.] 

(2) To prove that the pentagon BUVCW is in one plane. 

Draw PX parallel to .^6^ or 6’ F meeting UV in X, 

Join Xlf, HW, 
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Then we have to prove that XH, HW are in one straight Itne. 

Now HP, WT, being both perpendicular to the face BD, are parallel. 

For the same reason XP, HT are parallel. 

Also, since ^.^is divided at Tin extreme and mean ratio, 

QH: QT= QT\ TH. 

And QH^ HP, Qr= IVT= PX. 

Therefore HP . PX=WT -. TH. 

Consequently the triangles HPX, WTH satisfy the conditions of vi. 32 ; 
hence XHW is a straight line. 

[Mr Taylor proves this as follows : 

The projections of WH, WX on BE are ^a and i (« + i), 
and the projections of fVH, fVX on BA are i (/—<*) and 
and : («+/) = (/-«) : 

since a/=P — «*. 

Therefore IVHX is a straight line.] 


(3) To prove that the pentagon BUVCWis equiangular. 

We have BV* = BS^ + SF^ 

= (BN* + NS*) + SP* 

= PN* + (NS* + SP*) 

= JW* + 3 PN*, 

since NS is divided in extreme and mean ratio at P [xni. 5], so that 

NS* + SP* = iPN*. [xin. 4] 

Consequently BV* = 4P N* 

= BC*, 

or BV = BC. 

The As UBV, WBCase therefore equal in all respects, 
and lBUV= i-BWC. 

Similarly CVU= lBWC. 

Therefore the pentagon is equiangular. [xiii. 7] 

(4) To prove that the sphere which circumscribes the cube also circum- 
scribes the dodecahedron we have only to prove that, if Z be the centre of 
the sphere, ZU = ZB, for example. 

Now, by XI. 38, XP produced meets the diagonal of the cube, and the 
portion of XP produced which is within the cube and the diagonal bisect 
one another. 

And ZU* = ZX* + XU* 

~NS* + PS* 


as before. 

Also (cf. xiri. 15) 


Hence 




ZB* = ZP* + PB* 

= ZP* + PN* + NB* 
= ZPN*. 

ZU=ZB. 


(S) Similarly for ZP, ZfVetc. 
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(6) Since PN is divided in extreme and mean ratio at 
NP : PR ^ PR : RM 

Doubling the terms, we have 

NO : RS=RS : {NR + SO), 

so that, if NO is divided in extreme and mean ratio, the greater segment 
is equal to RS. 

Now, since the diameter of the sphere is rational, 
and (diam. of sphere)® = 3 (edge of cube)®, 

the edge of the cube (i.e. NO) is rational. 

Consequently RS is an apotome. 

[This is proved in the spurious xiii. 6 above ; Euclid assumes it, and the 
words purporting to quote the theorem are probably interpolated, like xiii. 6 
itself.] 

As a matter of fact, with Mr Taylor’s notation, 

/® = /a + a\ 

and a = — /. 

2 

Since, if r is the radius of the circumscribing sphere, >/3 • “ > 

«=;^(7s-0=3(s/^s-V3). 

Pappus’ solution. 

Here too Pappus (iii. pp. 156 — 162) finds four circular sections of the 
sphere all parallel to one another and all passing through five of the vertices 
of the dodecahedron. 

Analysh, 

Suppose (he says) the problem solved, and let the vertices of the 
dodecahedron be A, B, C, D, E\ F, G, H, K, L \ M, N, O, P, Q\ 
R, S, T, U, V. 

Then, as before, ED is parallel to FL, and AE to FG \ therefore the 
planes ABODE, FGHKL are parallel. 

But, since PA is parallel to BH, and BH to 00 , PA is parallel to 00 ; 
and they are equal ; therefore PO, AO are parallel, so that ST, ED are also 
parallel. 

Similarly RS, DO are parallel, and likewise the pairs {TU, EA\ 
{UV,AB), {VR,BO), 

Therefore the planes ABODE, RSTUV are parallel; and the circles 
ABODE, RSTUV are equal, since the inscribed pentagons are equal. 

Similarly the circles FGHKL, MNOPQ are equal, since the pentagons 
inscribed in them are equal. 

Now OL, OU are parallel beotuse each is parallel to KN', 
therefore L, 0 , O, U are in one plane. 

And LO, 00 , OU, UL are all equal, since they subtend angles of equal 
pentagons. 

Also L, O, O, U are on a plane section, i.e. a circle ; 
therefore LOOU is a square. 

Therefore OD = 2ZC* = 2LF^ 

(for LO, ZZ' subtend angles of equal pentagons). 
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And the angle OLF is right ; for POy LF are equal and parallel chords 
in two equal and parallel circular sections of a sphere [Pappus^ lemma, p. 138, 
20 — 26]. 

Therefore OF^ = OD + FD = [from above] 

And OF is a diameter of the sphere ; for PO^ FL are on opposite sides 
of the centres of the circles in which they are [Pappus’ lemma, pp. 136 — 8]. 



Now suppose /, /, h to be the sides of an equilateral pentagon, triangle 
and hexagon in the circle FGHKL, d the diameter of the sphere. 

Then d : FL = ^3:1 [from above] 

= t \ h; [Eucl. XIII. 12] 

and it follows alternando (since FL = p) that 

d \ t^p \ h. 

Now let d\ p\ H be the sides of a regular decagon, pentagon and hexagon 
respectively inscribed in any one circle. 

Since, if FL be divided in extreme and mean ratio, the greater segment is 
equal to ED, [xiii. 8] 

FL : ED-h : d\ [vi. Def. 3, xiii. 9] 

And FL ; ED is the ratio of the sides of the regular pentagons inscribed 
in the circles FGHKL, ABODE, and is therefore equal to the ratio of the 
sides of the equilateral triangles inscribed in the same circles. 

Therefore t : (side of A in ABODE) - h : d'. 

But d \ t=^p \ h 

therefore, ex aequali, d : (side of A in ABODE) = p* : d\. 

Now // is given ; 

therefore the sides of the equilateral triangles inscribed in the circles ABODE, 
FGHKL respectively are given, whence the radii of those circles are also 
given. 
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Thus the two circles are given, and so accordingly are the equal and 
parallel circular sections. 

Synthesis, 

Set out two straight lines y such that //, y are in the ratio of the sides 
of a regular pentagon, hexagon and decagon respectively inscribed in one and 
the same circle. 

Find two circular sections of the sphere with radii r, /, where 

Let these be the circles FGHKL^ ABODE respectively, and draw the 
equal and parallel circles on the other side of the centre, namely MNOBQy 
RSTUV, 

In the first two circles inscribe regular pentagons with their sides respec- 
tively parallel, ED being parallel to FL, 

Draw equal and parallel chords (on the other sides of the centres) in the 
other two circles, namely ST equal and parallel to ED^ and PO equal and 
parallel to FL \ and complete the regular pentagons on ST^ PO inscribed in 
the circles. 

Thus all the vertices of the dodecahedron are determined. 

The proof of the correctness of the construction is clear from the analysis. 

Pappus adds that the construction shows that the circles containing five 
vertices of the dodecahedron are the same respectively as those containing 
three vertices of the icosahedron, and that the same circle circumscribes the 
triangle of the icosahedron and the pentagonal face of the dodecahedron in 
the same sphere. 


Proposition 18. 

To set out the sides of the five figures and to compare them 
with one another. 

Let AB, the diameter of the given sphere, be set out, 


and let it be cut at C so that 
AC is equal to CB, and at D 
so that AD is double of DB ; 

let the semicircle AEB be de- 
scribed on AB, 

from C, D let CE,DFh^ drawn 
at right angles to AB, 

and let AE, FB, EB be joined. 

Then, since AD is double 
oiDB, 

therefore AB is triple of BD. 
Convertendo, therefore, BA 
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But, as BA is to AD, so is the square on BA to the 
square on AF, [v- Def. 9, vi. 8] 

for the triangle AFB is equiangular with the triangle AFD ; 
therefore the square on BA is one and a half times the square 
on AF. 

But the square on the diameter of the sphere is also one 
and a half times the square on the side of the pyramid. 

[xni. 13] 

And AB is the diameter of the sphere ; 
therefore AF is equal to the side of the pyramid. 

Again, since AD is double of DB, 
therefore AB is triple of BD. 

But, as AB is to BD, so is the square on AB to the square 
on BF; [vi- 8. v. Def. 9] 

therefore the square on is triple of the square on BF. 

But the square on the diameter of the sphere is also triple 
of the square on the side of the cube. [xin. 15] 

And AB is the diameter of the sphere ; 
therefore BF is the side of the cube. 

And, since AC is equal to CB, 
therefore AB is double of BC. 

But, as AB is to BC, so is the square on A B to the square 
on BE ; 

therefore the square on A B is double of the square on BE. 

But the square on the diameter of the sphere is also double 
of the square on the side of the octahedron. [xin. 14] 

And AB is the diameter of the given sphere ; 
therefore BE is the side of the octahedron. 

Next, \et AG ho drawn from the point A at right angles 
to the straight line AB, 

\ot AG ho made equal to AB, 
let GC ho joined, 

and from H let HK be drawn perpendicular to AB. 

Then, since GA is double of' AC, 
for GA is equal to AB, 
and, as GA is to A C, so is //JC to ATC, 
therefore HK is also double of KC. 
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Therefore the square on HK is quadruple of the square 
on KC ; 

therefore the squares on HK, KC, that is, the square on HC, 
is five times the square on KC. 

But HC is equal to CB ; 

therefore the square on BC is five times the square on CK. 

And, since AB \s double of CB, 
and, in them, AD is double of DB, 

therefore the remainder BD is double of the remainder DC. 

Therefore BC is triple of CD ; 
therefore the square on BC is nine times the square on CD. 

But the square on BC is five times the square on CK ; 
therefore the square on CK is greater than the square on CD ; 
therefore CK is greater than CD. 

Let CL be made equal to CK, 
from L let LM be drawn at right angles to AB, 
and let MB be joined. 

Now, since the square on BC is five times the square 
on CK, 

and AB IS double of BC, and KL double of CK, 
therefore the square on A B is five times the square on KL. 

But the square on the diameter of the sphere is also five 
times the square on the radius of the circle from which the 
icosahedron has been described. [xiii. 16, Por.] 

And AB is the diameter of the sphere ; 

therefore KL is the radius of the circle from which the icosa- 
hedron has been described ; 

therefore KL is a side of the hexagon in the said circle. 

[iv. 15, Por.] 

And, since the diameter of the sphere is made up of the 
side of the hexagon and two of the sides of the decagon 
inscribed in the same circle, [xiu. 16, For.] 

and AB is the diameter of the sphere, 
while KL is a side of the hexagon, 
and AK is equal to LB, 

therefore each of the straight lines AK, LB is a side of the 
decagon inscribed in the circle from which the icosahedron 
has been described. 
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And, since LB belongs to a decagon, and ML to a 
hexagon, 

for ML is equal to KL, since it is also equal to HK, being 
the same distance from the centre, and each of the straight 
lines HK, KL is double of KC, 

therefore MB belongs to a pentagon. [xm. lo] 

But the side of the pentagon is the side of the icosa- 
hedron : [xni. i6] 

therefore MB belongs to the icosahedron. 

Now, since FB is a side of the cube, 
let it be cut in extreme and mean ratio at N, 
and let NB be the greater segment ; 

therefore NB is a side of the dodecahedron. [xm. 17, For.] 

And, since the square on the diameter of the sphere was 
proved to be one and a half times the square on the side AF 
of the pyramid, double of the square on the side BE of the 
octahedron and triple of the side FB of the cube, 
therefore, of parts of which the square on the diameter of the 
sphere contains six, the square on the side of the pyramid 
contains four, the square on the side of the octahedron three, 
and the square on the side of the cube two. 

Therefore the square on the side of the pyramid is four- 
thirds of the square on the side of the octahedron, and double 
of the square on the side of the cube ; 

and the square on the side of the octahedron is one and a half 
times the square on the side of the cube. 

The said sides, therefore, of the three figures, I mean the 
pyramid, the octahedron and the cube, are to one another in 
rational ratios. 

But the remaining two, I mean the side of the icosa- 
hedron and the side of the dodecahedron, are not in rational 
ratios either to one another or to the aforesaid sides ; 
for they are irrational, the one being minor [xm. 16] and the 
other an apotome [xm. 17]. 

That the side MB of the icosahedron is greater than the 
side NB of the dodecahedron we can prove thus. 

For, since the triangle FDB is equiangular with the 
triangle FAB, 

proportionally, as DB is to BF, so is BF to BA. [vi. 4] 
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xni. 18] 

And, since the three straight lines are proportional, 
as the first is to the third, so is the square on the first to the 
square on the second ; [v. Def. 9, vi. 20, Por.] 

therefore, as DB is to BA, so is the square on DB to the 
square on BF\ 

therefore, inversely, as AB is to BD, so is the square on FB 
to the square on BD. 

But AB IS triple of BD ; 

therefore the square on FB is triple of the square on BD. 

But the square on AD is also quadruple of the square 
on DB, 

for AD IS double of DB ; 

therefore the square on is greater than the square on FB\ 
therefore AD \s greater than FB ; 
therefore AL is by far greater than FB. 

And, when AL is cut in extreme and mean ratio, 

KL is the greater segment, 

inasmuch as LK belongs to a hexagon, and KA to a decagon: 

[xm. 9] 

and, when FB is cut in extreme and mean ratio, is the 
greater segment ; 

therefore KL is greater than NB. 

But KL is equal to LM ; 
therefore LM is greater than NB. 

Therefore MB, which is a side of the icosahedron, is by 
far greater than NB which is a side of the dodecahedron. 

Q. E. D 


I say next that no other figure, besides the said five figures, 
can be constructed which is contained by equilateral and equi- 
angular figures equal to one another. 

For a solid angle cannot be constructed with two triangles, 
or indeed planes. 

With three triangles the angle of the pyramid is constructed, 
with four the angle of the octahedron, and with five the angle 
of the icosahedron ; 

but a solid angle cannot be formed by six equilateral and equi- 
angular triangles placed together at one point. 
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for, the angle of the equilateral triangle being two-thirds of a 
right angle, the six will be equal to four right angles : 
which is impossible, for any solid angle is contained by angles 
less than four right angles. [xi. 21] 

For the same reason, neither can a solid angle be con- 
structed by more than six plane angles. 

By three squares the angle of the cube is contained, but 
by four it is impossible for a solid angle to be contained, 
for they will again be four right angles. 

By three equilateral and equiangular pentagons the angle 
of the dodecahedron is contained ; 

but by four such it is impossible for any solid angle to be 
contained, 

for, the angle of the equilateral pentagon being a right angl^ 
and a fifth, the four angles will be greater than four right 
angles : 

which is impossible. 

Neither again will a solid angle be contained by other 
polygonal figures by reason of the same absurdity. 
Therefore etc. 

Q. E. D. 


Lemma. 

But that the angle of the equilateral and equiangular 
pentagon is a right angle and a fifth we must prove thus. 

Let ABCDE be an equilateral and equiangular 


pentagon, 

let the circle ABCDE be cir- 
cumscribed about it, 
let its centre F be taken, 
and let FA, FB, FC, FD, FE 
be joined. 

Therefore they bisect the 
angles of the pentagon at A, 
B, C, D, E. 

And, since the angles at F 
are equal to four right angles 
and are equal. 


A 



o 
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XIII. 18] 

therefore one of them, as the angle AFB, is one right angle 
less a fifth ; 

therefore the remaining angles FAB, ABF consist of one 
right angle and a fifth. 

But the angle FAB is equal to the angle FBC ; 
therefore the whole angle ABC of the pentagon consists of 
one right angle and a fifth. 

Q. E. D. 


We have seen in the preceding notes that, if r be the radius of the sphere 
circumscribing the five solid figures, 

(edge of tetrahedron) = f • r, 

(edge of octahedron) =■ J 2. r, 

(edge of cube) = | >/3 • 


(edge of icosahedron) = ^ n/*® (5 ~ \/ 5 )> 


(edge of dodecahedron) = ^ (ViS - a/s). 

Euclid here exhibits the edges of all the five regular solids in one figure. 


(i) 

Thus 

and 

therefore 


Thus 


Make AD equal to 2DB. 

BA = \AD, 

BA : AD = BA’‘ :AB* i 
BA* = \AF'. 

AF^Jl . 2r = 1^6 . r = (edge of tetrahedron), 

A& : BF^ = AB : BD 


= 3:1. 

Therefore BF^ = \A B^y 


or ^3 •r^(edge of cube), 

v3 3 

( 3 ) AB^2BE\ 

Therefore BE = J 2, r = (edge of octahedron). 

(4) Draw AG perpendicular and equal to AB, Join GCy meeting the 
semicircle in Hy and draw HK perpendicular to AB, 

Then GA--2AC; 

therefore, by similar triangles, HK - 2KC, 

Hence 

and therefore = HK^ + KC^ 




Again, since AB = iCBy and AD = 2DBy 
by subtraction, BD = 2DCy 

or BC^2,DC, 
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Therefore « BC^ 

= 

Hence KC> CD, 

Make CL equal to KC^ draw LM at right angles to AB^ and join 
AM, MB, 

Since CB^ = sKC\ 

AB^r=.^KL\ 

It follows that KL (= J^.r) is the radius of, or the side of the regular 
hexagon in, the circle containing the pentagonal sections of the icosahedron. 

[XIIL 1 6 ] 

And, since 

2r = (side of hexagon) + 2 (side of decagon in same circle) 

[xiii. 16, For.] 

AK * LB - (side of decagon in the said circle). 

But LM = HK - KL = (side of hexagon in circle). 

Therefore LM^ + LB^ (= BM^) = (side of pentagon in circle)* [xiii. 10] 

= (edge of icosahedron)*, 

and BM = {edge of icosahedron), 

[More shortly, HK = 2KC, 

whence HK'^ = e^KC^, 

ind sKC^ HC^ = f^. 


AK=^r-^CK 




BAP = HK* + AJC^ 


= - r* + r* 


(-Js)’ 


="(7-75) 

= ^(io-2n/5), 

d BM = ^ \/io (5 - ^5) = {edge of icosahedron),^ 

(S) Cut . 57 ^ (the edge of the cube) in extreme and mean ratio at N, 
Then, if BN be the greater segment, 

BN — {edge of dodecahedron), [xiii. 1 7] 

[Solving, we obtain 


BN^ 


■ Vs-- 


= ^(>/i5- V 3 ) 

= {^dge of dodecahedron)^ 
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(6) If /, Of c are the edges of the tetrahedron, octahedron and cube 
respectively, 

= |/* = 2^ = 3^. 

If each of these equals is put equal to 

4 ^ = ^, 

whence ^ = 6 : 4 : 3 : 2, 

and the ratios between ir^ /, c are all rational (in Euclid’s sense). 

The ratios between the$e and the edges of the icosahedron and the 
dodecahedron are irrational. 


(7) To prove that 

(edge of icosahedron) > (edge of dodecahedron), 

Le. that 

By similar As FDBy AFBy 

DB ,BF^BF: BAy 
or DB : BA = DB^ : BF^, 


But iDB = BA ; 

therefore BF‘^ - 

By hypothesis, AD^ = 4DB ; 

therefore AD > BFy 

and, a fortiori^ AL > BF, 

Now LK is the side of a hexagon, and AK the side of a decagon in the 
same circle : 


therefore, when AL is divided in extreme and mean ratio, KL is the greater 
segment. 

And, when BF is divided in extreme and mean ratio, is the greater 
segment. 

Therefore, since AL > BFy 

KL > BNy 

or LM> BN, 

And therefore, a fortioriy MB > BN, 
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I. THE CONTENTS OF THE SO-CALLED BOOK XIV. 

BY HYPSICLES. 

This supplement to Euclid’s Book xiii. is worth reproducing for the sake 
not only of the additional theorems proved in it but of the historical notices 
contained in the preface and in one or two later passages. Where I translate 
literally from the Greek text, I shall use inverted commas; except in such 
passages I reproduce the contents in briefer form. 

I have already quoted from the Preface (VoL i. pp. S-*-6), but I will 
repeat it here. 

“ Basilides of Tyre, 0 Protarchus, when he came to Alexandria and met 
my father, spent the greater part of his sojourn with him on account of the 
bond between them due to their common interest in mathematics. And on 
one occasion, when looking into the tract written by Apollonius about the 
comparison of the dodecahedron and icosahedron inscribed in one and the 
same sphere, that is to say, on the question what ratio they bear to one 
another, they came to the conclusion that Apollonius’ treatment of it in this 
book was not correct; accordingly, as I understood from my father, they 
proceeded to amend and rewrite it. But I myself afterwards came across 
another book published by Apollonius, containing a demonstration of the 
matter in question, and I was greatly attracted by his investigation of the 
problem. Now the book published by Apollonius is accessible to all ; for it 
has a large circulation in a form which seems to have been the result of later 
careful elaboration. 

‘‘For my part, I determined to dedicate to you what i deem to be 
necessary by way of commentary, partly because you will be able, by reason 
of your proficiency in all mathematics and particularly in geometry, to pass an 
expert judgment upon what I am about to write, and partly because, on 
account of your intimacy with my father and your friendly feeling towards 
myself, yoii will lend a kindly ear to my disquisition. But it is time to have 
done with the preamble and to begin my treatise itself. 

[Prop. I.] “ TA^ perpendicular drawn from the centre of any circle to the 
side of the pentagon inscribed in the same circle is half the sum of the side of the 
hexagon and of the side of the decagon inscribed in the same circled 
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Let ABC be a circle, and BC the side of the inscribed regular pentagon. 
Take D the centre of the circle, draw DE from D perpendicular to BC, 
and produce JDE both ways to meet the circle in E, A. 

I say that DE is half the sum of the side of the hexagon and of the side 
of the decagon inscribed in the same circle. 

Let DC, CT^be joined ; make GE equal to EE, and join GC, 

Since the circumference of the circle is five 
times the arc BFC, A 

and half the circumference of the circle 
ACE, 

while the arc EC is half the arc BEC, 
therefore (arc A CE) - 5 (arc EC) 
or (arc AC) = 4 (arc CE). 

Hence l ADC = 4 z. CDE, 

and therefore z. A EC = 2 z. CDE. 

Thus L CGE= L. AEC== 2 z. CDE; 
therefore [i. 32] l CDG — l DCG, 
so that DG^GC—CE. 

And GE = EE; 

therefore E>E = EE 4- EC. 



Add DE to each ; 

therefore 2 DE = DE4r EC. 

And DE '\& the side of the regular hexagon, and EC the side of the regular 
decagon, inscribed in the same circle. 

Therefore etc. 


“Next it is manifest from the theorem [12] in Book xiii. that the perpen- 
dicular drawn frofii the centre of the circle to the side of the equilateral triangle 
[inscribed in it] is half of the radius of the circle. 

[Prop. 2.] “ The same circle circumscribes both the pentagon of the dodeca- 

hedron and the triangle of the icosahedron inscribed in the same sphere. 

“ This is proved by Aristaeus in his work entitled Comparison of the five 
figures. But Apollonius proves in the second edition of his comparison of the 
dodecahedron with the icosahedron that, as the surface of the dodecahedron 
is to the surface of the icosahedron, so also is the dodecahedron itself to the 
icosahedron, because the perpendicular from the centre of the sphere to the 
pentagon of the dodecahedron and to the triangle of the icosahedron is the 
same. 

“ But it is right that I too should prove that 
[Prop. 2] The same circle circumscribes both the pentagon of the dodecahedron 
and the triangle of the icosahedron inscribed in the same sphere- 

“ For this I need the following 

Lemma. 

“ If an equilateral and equiangular pentagon be inscribed in a circle, the sum 
of the squares on the straight line subtending two sides and on the side of the 
pentagon is five times the square on the radius.^' 


H. E. III. 
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Let ABC be a circle, AC the side of the pentagon, D the centre ; 
draw DF perpendicular io AC and produce it to 



This being proved, it is required to prove that the same circle circum- 
scribes both the pentagon of the dodecahedron and the triangle of the 
icosahedron inscribed in the same sphere.” 

Let AB be the diameter of the sphere, and let a dodecahedron and an 
icosahedron be inscribed. 



Let CDEFG be one pentagon of the dodecahedron, and KLH one 
triangle of the icosahedron. 

I say that the radii of the circles circumscribing them are equal. 

Join DG ; then BG is the side of a cube inscribed in the sphere. 

[Eucl. XIII. 17] 

Take a straight line A/A^such that AFP $MN^, 

Now the square on the diameter of the sphere is five times the square on 
the radius of the circle from which the icosahedron is described. 

[xiii. 16, For.] 

Therefore MN\s equal to the radius of the circle passing through the five 
vertices of the icosahedron which form a pentagon. 

Cut MN ‘\n extreme and mean ratio at ( 7 , MO being the greater segment 

Therefore MO is the side of the decagon in the circle with radius MN, 

[xni. 9 and 5, converse] 

Now AB^- ^DG^, [xiii. 15] 

But z^G ^ : ZCGP=^ : sMCF 

(since, if DG is cut in extreme and mean ratio, the greater segment is equal 
to and, if two straight lines are cut- in extreme and mean ratio, their 
segments afe in the same ratio : see lemma later, pp. 518 — 9). 



L THE SO-CALLED “BOOK XIV 


5*5 


And = iKL\ 

[This follows from xiii. lo, since KL is, by the construction of xiii. i6, the 
side of the regular pentagon in the circle with radius equal to MN^ that is, the 
circle in which MN is the side of the inscribed hexagon and MO the side of 
the inscribed decagon.] 

Therefore 5 = 3 CG'^ + 7,D(P, 

But 5AZ* =15 (radius of circle about KLHf^ [xiii. 12] 

and =15 (radius of circle about CJOEFGY.. 

[Lemma above] 

Therefore the radii of the two circles are equal. 

Q. E. D. 


[Prop. 3.] If there be an equilateral and equiangular pentagon and a 
circle circumscribed about it^ and if a perpendicular be drawn from the centre to 
one side, then 

30 times the rectangle contained by the side and the perpendicular is equal to 
the surface of the dodecahedron! 



Let ABODE be the pentagon, F the centre of the circle, FG the 
perpendicular on a- side CD 
I say that 

^oCD . FG =12 (area of pentagon). 

Let CF, FD be joined. 

Then, since 

CD,FG=2{I^CDF), 

SCD,FG= 10 (A CDF), 
whence 30 CD . FG =12 (area of pentagon). 

Similarly we can prove that, 

[Prop. 4] ABC be an equilateral triangle in a 
circle, D the centre, and DE perpendicular to BC, 

30BC . DE = {surface of icosahedron). 

For DE.BC=2{/\DBC); 

therefore 3DE . BC = 6 ( A DBC) 

= 2(A^Z?C), 

whence 30DE . BC = 20 ( A ABC). 

It follows that [Prop, 5] 

{surf cue of dodecahedron) : {surface of icosahedron) 

= {side of pentagon ) . {its perpendicular) : {side of triangle ) . {its perp.y 



“ This being clear, we have next to prove that, 

[Prop. 6] As the surface of the dodecahedron is to the surfcueof the icosahedron, 
so is the stde of the cube to the side of the icosahedron,^ 
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Let ABC be the circle circumscribing the pentagon of the dodecahedron 
and the triangle of the icosahedron, and let CD 
be the side of the triangle, AC that of the 

pentagon. ^ ^ \ 

Let E be the centre, and EF, EG perpen* w ( \ 

diculars to CD^ AC, j I f i 

Produce EG to meet the circle in ^ and K 

join BC. . DV 

Set out H equal to the side of the cube in- 

scribed in the same sphere. 

I say that 

(surface of dodecahedron) : (surface of icosahedron) 

^H: CD. 

For, since the sum of EB, BC is divided at B in extreme and mean ratio, 
and BE is the greater segment, [xiii. 9J 

and EG = \ {EB ^ BC\ [Prop. i] 

while EF= \BE, P- 5 M above] 

therefore, if EG is divided in extreme and mean ratio, the greater segment is 
equal to EF [that is to say, since EB is the greater segment of EB + BL 
divided in extreme and mean ratio, \EB is the greater segment o 
\(EB + BC) similarly divided]. 

But, if H is also divided in extreme and mean ratio, the greater segment 

: ^ r-v-TTf T »» I 


is equal to CA, 
Therefore 
or 

And, since 

and 

therefore 


[xiu. 17, For.] 

H: CA = EG:EF, 

FE . CA . EG. 

H: CD = FE.H-.FE. CD, 

FE . CA . EG, 

H . CD ^ CA . EG ■. FE . CD 

^ (surface of dodecahedron) ; (surf, of icos.). 

[Prop, s] 


Another proof of the same theorem. 

Preliminary, 

Let ABC be a circle and AB, A C sides of an inscribed regular pentagon. 
Join BC-, take D the centre of the circle, join AD and produce it to 
meet the circle at E. Join BD. 

Let DF be made equal to \AD, and CH equal 
to gCG. 

I say that 

rect AF. BH- (area of pentagon). q " / 

For, since AD = 2DF, \ \ / j 

AF= \AD. \ \ ^ j/ 

And, since GC= iHC, 

GC^\GH. 

Therefore FA : AD = CG : GH, 

so that AF . GH — AD . CG 

= AD. BG 
= 2 {aABD). 
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Therefore 

SAF. GH^ 10 (aABZ>) = 2 (area of pentagon). 

And GJI= 2HC\ 

therefore ^AF. HC = (area of pentagon), 

or AF, BH=^ (area of pentagon). 

Proof of theorem. 

This being clear, let the circle be set out which circumscribes the pentagon 
of the dodecahedron and the triangle of the icosahe- 
dron inscribed in the same sphere. a 

Let ABC be the circle, and AB^ A C two sides of 
the pentagon \ join BC, 

Take E the centre of the circle, join AE and b/ — 7^ 
produce it to (\ / E \ /I 

ae^ 2 Eg, Kc^iCH, \y Yy 

Through G draw DM at right angles to AF jyA- = 

meeting the circle at M\ 

DM is then the side of the inscribed equilateral F 

triangle. 

Join AD,, AMy which are equal to DM. 

Now, since AG . BH = (area of pentagon), 

and AG . GD = (area of triangle), 

therefore BH : GD - (area of pentagon) : (area of triangle), 
and \2BH : 2oGD^ (surface of dod.) : (surface of icos.). 

But i 2BH= loBCy since BH - $HC, and BC = 6 HC; 
and 2oGD=ioDMj 

therefore (surface of dodecahedron) : (surface of icosahedron) 

= (side of cube) : (side of icosahedron). 


“Next we have to prove that, 

[Prop. 7] Jf any straight line whatever he cut in extreme and mean ratiOy theriy 
as is ( I ) the straight line the square on which is equal to the sum of the squares 
on the whole line and on the greater segment to {2) the straight line the square on 
which is equal to the sum of the squares on the whole and on the lesser segment^ 
so is (3) the side of the cube to (4) the side of the icosahedron^ 

Let AHB be the circle circumscribing both the pentagon of the dodeca- 
hedron and the triangle of the icosahedron inscribed 
in the same sphere, C the centre of the circle, and 
CB any radius divided at D in extreme and mean 
ratio, CD being the greater segment. 

CD is then the side of the decagon inscribed in 
the circle. [xiii. 9 and 5, converse] 

Let E be the side of the icosahedron, F that of 
the dodecahedron, and G that of the cube, inscribed 
in the sphere. 

Then Ey F Sire the sides of the equilateral triangle 
and pentagon inscribed in the circle, and, if G is 
divided in extreme and mean ratio, the greater ^ 
segment is equal to F, [xiii. 17, For.] Q 
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Thus 


[xiii. 12] 

and 


[xiii. 4] 

Therefore 

= (CB^ + Bjy ) : CD^, 


or 

£? :(CB^ + BJy) = CB * : C£B 



= CP : F \ 


Therefore, alternately and inversely, 

CP\E^^F^\ (CB^ + BIF), 

But F^ = BCP + CLP i for the square on the side of the pentagon is equal 
to the sum of the squares on the sides of the hexagon and decagon inscribed 
in the same circle. [xiii. lo] 

Therefore CP \FP=^ {BC^ + CIP) •.(CB + BLP), 
which is the result required. 

It has now to be proved that 
[Prop. 8] (Side of cube) : (side of icosahedron) 

- (content of dodecahedron) : (content of icosahedron). 
Since equal circles circumscribe the pentagon of the dodecahedron and 
the triangle of the icosahedron inscribed in the same sphere, 
and in a sphere equal circular sections are equally distant from the centre, 

the perpendiculars from the centre of the sphere to the faces of the two solids 
are equal ; 

in other wprds, the pyramids with the centre as vertex and the pentagons of 
the dodecahedron and the triangles of the icosahedron respectively as bases 
are of equal height. 

Therefore the pyramids are to one another as their bases. 

Thus (i2 pentagons) : (20 triangles) 

= (12 pyramids on pentagons) : (20 pyramids on triangles), 
or (surface of dodecahedron) : (surface of icosahedron) 

= (content of dod.) : (content of icos.). 

Therefore 

(content of dodecahedron) ; (content of icosahedron) 

= (side of cube) : (side of icosahedron). [Prop. 6] 

Lemma. 

If two straight lines be cut in extreme and mean ratiOy the segments of both 
are in one and the same ratio. 

Let AB be cut in extreme and mean ratio AC being the greater 
segment ; 

and let DE be cut in extreme and mean ratio at /; DF being the greater 
segment. 

I say that AB : AC^ DE ; DF, A C B 

Since AB ,BC^AC\ \ ~ 

and DE . EF^ DF\ E ^ 

AB ,BC,AC^^DE, EF ; DF\ 

4AB .BC iAC^^ 4DE . EF : DF\ 


and 
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Componendo^ 

{4AB .BC+AC^) : Aa = {4DE . EF^ DF^) : JDF\ 
or {AB + BCf X A {BE + EFf : BF^ ; [ii. 8] 

therefore {AB ^ BC) : AC ^ {BE + EF) : BF 

Componendo^ 

{AB + BC+AC) : AC ^{BE + EF ^ BF) ; BF, 
or 2AB : AC= 2BE : BF; 

that is, AB : AC~ BE : BF. 


Summary of results. 

If AB be any straight line divided at C in extreme and mean ratio, AC 
being the greater segment, and if we have a cube, a dodecahedron and an 
icosahedron inscribed in one and the same sphere, then : 

(1) (side of cube) : (side of icosahedron) = J {AB^ + AC^):J {AB^ + BC^) ; 

(2) (surface of dod.) : (surface of icos.) 

= (side of cube) : (side of icosahedron) ; 

(3) (content of dod.) : (content of icos.) 

= (surface of dod.) : (surface of icos.) ; 
and (4) (content of dodecahedron) ; (content of icos.) 

= ^{AB^ + AC^): J{AB^^BC^). 


II. NOTE ON THE SO-CALLED “BOOK XV.” 

The second of the two Books added to the genuine thirteen is also 
supplementary to the discussion of the regular solids, but is much inferior 
to the first, “Book xiv.” Its contents are of less interest and the exposition 
leaves much to be desired, being in some places obscure and in others 
actually inaccurate. It consists of three portions unequal in length. The 
first (Heiberg, Vol. v. pp, 40 — 48) shows how to inscribe certain of the 
regular solids in certain others, {a) a tetrahedron (“pyramid”) in a cube, 
{b) an octahedron in a tetrahedron (“pyramid”), {c) an octahedron in a cube, 
{d) a cube in an octahedron and {e) a dodecahedron in an icosahedron. 
The second portion (pp. 48 — 50) explains how to calculate the number of 
edges and the number of solid angles in the five solids respectively. The 
third (pp. 50 — 66) shows how to determine the angle of inclination between 
faces meeting in an edge of any one of the solids. The method is to con- 
struct an isosceles triangle with vertical angle equal to the said angle of 
inclination ; from the middle point of any edge two perpendiculars are drawn 
to it, one in each of the two faces intersecting in that edge; these perpen- 
diculars (forming an angle which is the inclination of the two faces to one 
another) are used to determine the two equal sides of an isosceles triangle, 
and the base of the triangle is easily found from the known properties of the 
particular solid. The rules for drawing the respective isosceles triangles are 
first given all together in general terms (pp. 50—52) ; and the special interest 
of the passage consists in the fact that the rules are attributed to “ Isidorus 
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our great teacher.” This Isidorus is no doubt Isidorus of Miletus, the 
architect of the Church of St Sophia at Constantinople (about^ 532 ^ 2 * 
whose pupil Eutocius also was; he is often referred to by Eutocius 
on Archimedes) as 6 MtX^nos /xijxortKos I<riSwpo« )j/i<T*pos SiSocr/caAw. I hus 
the third portion of the Book at all events was written by a pupil of Isidores 
in the sixth century. Kluge {De Euclidis elementorum hbrts quifemntur XI V 
et XV, Leipzig, 1891) has closely examined the language at^ style of the 
three portions and conjectures that they may be the work of different author; 
the first portion may, he thinks, date from the end of the third century (the 
time of Pappus), and the second portion too may be older than the third. 
Hultsch however (art. “ Eukleides ” in Pauly-Wissowa s Real-Encyclopadie der 
classischen Altertumswissenscha/t, 1907) does not think his arguments con- 


It may be worth while to set out the particulars of Isidorus rules for 
constructing isosceles triangles with vertical angles equal respectively to 
the angles of inclination between faces meeting in an edge of the several 
regular solids. A certain base is taken, and then with its extremities as 
centres and a certain other straight line as radius two circles are drawn; 
their point of intersection determines the vertex of the particular iwsceles 
triangle. In the case of the cube the triangle is of course right-angled , in 
the other cases the bases and the equal sides are as shown below. 


For the tetrahedron 
For the octahedron 
For the icosahedron 

For the dodecahedron 


Base of isosceles triangle 
the side of a triangular face 

the diagonal of the square 
on one side of a triangular 
face 

the chord joining two non- 
consecutive angular points 
of the regular pentagon on 
an edge (the “pentagon of 
the icosahedron ”) 
the chord joining two non- 
consecutive angular points 
of a pentagonal face \BC 
in the figure of Eucl. xiii. 

*7] 


Equal sides of 
isosceles triangle 

the perpendicular from the 
vertex of a triangular face 
to its base 

ditto 


ditto 


the perpendicular from the 
middle point of the chord 
joining two non-consecu- 
tive angular points of a 
face to the parallel side of 
that face [//X in the figure 
of Fuel. XIII. 17] 
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dyibjfiovy angh'less (figure) i. 187 
db^varov : ^ els t6 dd, dirayusyii^ i) Sid tov dS, 
5 ct|ts, ij €ls t6 dd. dyovja dirdda^is I. 136 
dKidoeiSifjs^ barb‘Hke i. 188 
d#c/)os, extreme (of numbers in a series) II. 
328, 367 ; (els) OLKpov Kal pL^<rov \ 6 yov 
reTfiijffOaif “to be cut in extreme and 
mean ratio” ii. 189 

dXoyoSf having no ratio, irrational il. 117-8: 
a relative term, resting on assumption or 
convention (Pythagoreans) iii. i, ir: use 
of term restricted in Euclid iii. 12 
dp.^\eia. (yuvla), obtuse (angle) i. 18 i 
dfipXvyibvioSy obtuse-angled i. 187 
dfiepi/jSf indivisible I. 41, 268 
diJ.(j)iKoi\os (of curvilineal angles) i. 178 
dpiipiKvpTos (of curvilineal angles) i. 178 
dvaypd(peiv dvd^ to describe on^ contrasted 
with to construct ((TVJTTtjcraaOai) i. 348 : 
peculiar use of active participle,' al t<ra 
T€Tpdyu)pa dvaypd<povaaL = straight lines on 
which equal squares are described III. 13 
dvaXoyla, proportion: definitions of, inter- 
polated IL 1 19 

dpdXoyop = dvd XhyoPy proportional or in pro- 
portion: used as indeclinable adj. and as 
adv. II. 129, 165: pdar) dpdXoyop, mean 
proportional (of straight line) ii. 129, 
similarly pdaos dpdXoyop of numbers II. 
^ 95 » 3^3 : Tplrrj (rplros) dpdXoyop^ 

third proportional II. 2 14, 407-8: Terdprrf 
(rbrapTos) dpdXoyop^ fourth proportional 
II. 215, 409: kirjs dvdXoyoPf in continued 
proportion ii. 346 

dvaXvipLePos (t^ttos). Treasury of Analysis, 
I. 8, 10, II, 138 

dvdiraXti' (X67os), inverse (ratio), inversely Ii. 

134 

dvMTpi^a.vTi, convertendoy in proportions n. 
135: analogous use otherwise than in 
proportions iii. 164 

dpacTpoipTj Xbyov, “conversion” of a ratio li. 

135 

dvaiTTpoipiKbs (species of locus) i. 330 


dpiadKis dPKsdKLs t<Tos, unequal by unequal 
by equal (of solid numbers) = scalene^ 
a(pr}pLaK0Sf <T 4 >t)KlaKos or pupiloKOs H. 290 
dpopLoiopcep^Sy non-uniform I. 40, 161-2 
dpop,ol(jJS reraypL^PUiP tQp XSyup (of perturbed 
proportion) in Archimedes 11. 136 
dpTapalpeais, i) avri), definition of same ratio 
in Aristotle (dpdvcpalpeois Alexander) ii. 
120: terms explained ii. 121 
dPTiweTTOPdbTa (rxii/xaTa, reciprocal ( = recipro- 
cally related) figures, interpolated def. of, 
II. 189 

dpn( 7 Tpo(pitif conversion i. 256-7 : leading 
variety, 17 TporjyovpL^pyj or rj /cvp/ws, ibid. 
dpbirapKTos^ non-existent i. 129 
d^cjp, axis III. 269 

dSpiOTos, indeterminate', (of lines or curves) 
I. 160: (of problems) i. 129 
dwayioyrif reduction i. 135:' els rd ddbparop 
I. 136 

direiposy infinite: ^ tw' dir. iKpaXXopLipyj of 
line or curve extending without limit and 
not “forming a figure” I. 160-1 : or 

els dir. adverbial I. 190: iw* Aw. diaipeiadaL 
I. 268 : Aristotle on t 6 Aveipop I. 232-4 
dieXariiSy breadthless : in definition of a line, 
pi7)Kos dTrXar^, breadthless length i. 158: 
(of prime numbers) ii. 285 
dTrXoOs, simple : (of lines or curves) I. 161-2 : 
(of surfaces) i. 170 

dirdSetfis, proof (one of necessary divisions of 
a proposition) i. 129, 130 
dwoKaTaarariKbSy recurrent (— spherical) y of 
numbers ii. 291 

dwQTop.'by apotomCy a compound irrational, 
difference of two terms III. 7: defined iii. 
158-9: p,k(sr\s diroTopLij wpdfTTj (SevTbpa)^ 
first (second) apotome of a medial (straight 
line) III. 7, defined iii. 159-60 
diTTeadaiy to meety occasionally to touch 
(instead of i<f>dvT€o$ai) i. 57, ii. 2 : also 
= to pass throughy to lie on ii. 79 
dpidpi.6sy number, definitions of, ii. 280 
dppjiToSy inexpressible, irrational: of \ 6 yos 



522 GENERAL INDEX OF GREEK WORDS AND FORMS 


I. 137: &pf»iT05 Sidfierpos rijs wefiirddos^ 
“irrational diameter of 5 ” (Plato) = /J 50, 
I. 399, III. 12, 525 

dpTiaKLt dpTiodiOvapov (Nicomachus) ii. 282 
dpTioKis dprtoSf evin-times even ii. 281-2 
dpTtaKis TrepiaffSSf even-times odd ii. 282-4 
dpTioirifKTTOS eveti-odd (Nicomachus etc.) li. 
282 

dpTios (dpidpJis)y even (number) ii. 281 
d<r6p.paT0Si incompatible i. 129 
d(TOfip.€TpoSi incommensurable : d. fiijKei {pdvov) 
incommensurable in length (only), SwajULei 
“in square” iii. ir 

dcrijpTTwroi, not-meeting, non-secant, asym- 
ptotic I. 40, 161, 203: (of parallel planes) 
HI. 265 

dadvderoi^ incomposite: (of lines) i. r6o, i6i : 
(of surfaces) i. 170: (prime and) incom- 
posite (of numbers) ii. 284 
AraKToSt unordered \ (of problems) I. 128: 

(of irrationals) i. 115, iir. lo 
dropLoi ypapipLalf “indivisible lines” I. 268 

pdSoSf depth i. 158-9 
/Scurts, base l. 248-9 

^e^rfKipai, to stand (of angle standing on 
circumference) ii. 4 

^<M)p.L<rKO$, altar-shaped (of “scalene” solid 
numbers) II. 290 

yeyopiruf (in constructions), “ let it be (have 
been) made” 11. 248 

yeyopbs dp etij t6 imraxOiv, “ what was 
enjoined will have been done ” ii. 80, 261 
yeypdtpOijjy “ let it be (lit. have been) drawn ” 
I. 242 

yepbfMepos^ b abrup, “their product^* II. 
316, 326 etc. ; 6 iK roO epos yepb/xepos 
= “the square of the one” li. 327 
ypthfJLiop^ gnomon q.v. : Democritus irept 5ia- 
<f>opr)s yvcbp-opos (ypwprjs or ytoplrfs ?) tj irepl 
\padaios kijkXov Kal <r<palprjs II. 40: (of 
numbers) Ii. 289 
ypaiip'bi line (or curve) q.7J. 
ypa/j-fiiKSSf linear (of numbers in one dimen- 
sion) li. 287: (of prime numbers) ii. 285; 
ypapjuiKWSt graphically i. 400 
ypd<l>€<r$aii “to be proved” (Aristotle) li. 120 

dcSofiipoSf giveny different senses i. 132-3 ; 

Euclid’s dedopdpa or Data q.v. 
beiypiaTay illustrations y of Stoics i. 329 
be? dij, “thus it is required” (or “is neces- 
sary”), introducing diopt<r/u6s i. 2^3 
Sedrepos, secondary (of numbers): in Nico- 
machus and lamblichus a subdivision of 
odd II. 286, 287 

bexbfJiepoPy “admitting” (of segment of circle 
admitting or containing an angle) il. 5 
dt47/[)a/x/aa = proposition (Aristotle) 1. 252 
AiaipeiaBai (used of “separation” of ratios): 
diaipeOlpray separandoy opp. to ovyKelfAepa, 
compoftendo ii. 168 

dialpeoLSy point of division (Aristotle) i. 165, 
170, 171 : method of division (exhaustion) 


I. 285 : Euclid’s irepl diaipl<rewpy On divi- 
sions (of figures) I. 8, 9, 18, 87, no: 3 taf- 
peais \6yoVy separation y literally divisioHy 
of ratio ii. 135 

bidfieTpoSy diameter : of a circle, parallelogram 
etc. I. 185, 325: of sphere ill. 270 
SiaardaeiSy almost =“ dimensions ” I. 157, 
1 58, III. 262 : Aristotle speaks of six ill. 263 
diaoTarbPy extended y ^p one way^ iirl Ado 

two waysy iirl rpla three ways (of lines, 
surfaces and solids respectively) l. 158, 
170, III. 263 

biiuTTrjixay distance I. 166, 167, 207 : (of radius 
of circle) i. 199: (of an angle) = divergence 

diej^evyfilprj {dpa\oyla)y disjoined = discrete 
(proportion) II. 293 

SieXbPTiy separandOy literally dividendo (of 
proportions) ll. 135 
Sie^oSiKbs (of a class of loci) I. 330 
diyprjiilpy) {dpa\oyla)y discrete (proportion), i.e. 
in four terms, as distinct from continuous 
(avpexb^y ovprj/jLulprj) in three terms II. 131, 

29.^ 

bLiixOdiy “let it be drawn through” ( = pro- 
duced) or “across” i. 280, ii. 7 
At laovy ex aequali (of ratios) II. 136: AC 
tcrov ip rerapaypipu dpaXoylgiy **ex aequali 
in perturbed proportion” II. 136 
AiKbXovpos, hvice-truncated (of pyramidal 
numbers) ii. 291 

Aiopi(rfx6s = (i) particular statement or defini- 
tion, one of the formal divisions of a pro- 
position I. 129: (2) statement of condition 
of possibility i. 128, 129, 130, 13 1, 234, 

AtirXdaios Xoyos, double ratio : ^tTrXao'fwi' Xbr^oSy 
duplicate ratio, contrasted with, ii. 133 
AdpapaSy pow’er; = actual value of a sub- 
multiple in units (Nicomachus) ii. 282 : 
= side of number not a complete square 
(i.e. root or surd) in Plato ii. 288, 290, 
III. I, 2, 3: =^squarem Plato ll. 294-5 
Advaadaiy “ to be side of square equal to ” 
III. 13 : ai Aupd/Jiepai adrdy sides of squares 
equal to them ill. 13; i] BP rrjs A fMeijloy 
Adparai ry AZ, “the square on BC is 
greater than the square on A by the square 
on Z>/%” literally “ BC is in power greater 
than A by DF” ill. 43 

eXAoSy figure ii. 234: =form II. 254 
elcayuiyy appopiKyy Introduction to Harmony y 
by Cleonides i. 17 

inaoToSy each : curious use of, il. 79 
iraripa iKaripqy meaning respectively I. 248, 

350 

iK^e^X'btTffuxraPy use of, I. 244 
^#fctFos=Euclid I. 400 

iKdeoLSy setting-outy one of formal divisions 
of proposition i. 129: may sometimes be 
omitted I. 130 

iKTbsy Kard to (of an exterior angle in sense 
of re-entrant) I. 263: iKrbt yuplay the 
exterior angle i. 280 
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minor (irrational) straight line ill. 

7 etc. 

spiral-shaped i. 159 

#XXet/A^o,‘ defici (in application of areas) ii. 262 
i\\€iw€ivt “fall short” (in application of 
areas) II. 262 

fXXct^tf , falling-short (in application of areas) 

I- 36. 343-5. 383-4 

Tfi&pXriita, a deficient ( = indetermi- 
nate) problem 1. 129 

ifivliTTeip^fall in ( = be interpolated) n. 358 
ipaWd^f alternately or (adjectivally) alternate 

I. 308 : ^vaXXd^ Xo'7os, alternate ratio, 
alternando II. 134 

tva irXeiiOt “several ofies*' (def. of number) 

II. 280 

Ipopf^o^eiPt to fit in (active) Book iv. Def. 7 
and Prop, i, ii. 79, 80, 81 
Irma, notion^ use of, i. 221 
Irarcurts, objection I. 135 
lrr< 5 y, within : (of internal contact of circles) 
II. 13 : Kara t6 iorbs or ^ Iprds (yujpla)t of 
an interior angle i. 263, 280: ^ iprbs Kal 
dTCPoprlop ywpla, the interior and opposite 
angle i. 280 

dpdXoyop, in continued proportion (of 
terms in geometrical progression) ii. 346 
iT€ii€&x,d<»}oap {iTi^ieijypvfUf join) I. 242 
irifsdpios Xoyoi^ superpart icu laris ratio =^vdX\o 
(«-f i) : n, II, 295 

IwlreSoPt plane in Euclid, used for surface 
also in Plato and Aristotle i. 169, iii. 263 
dwlxedos (dpi6fi6s)y plane (number) ii. 287-8 
iTiTTpocOeuff ertvpocrdep efrat, to stand in 
front of (hiding from view), in Plato’s 
definitions of straight line and plane I. 
i6p, 166 

iTKpopetOf surface : in Euclid I. 169 : in 
Aristotle iii. 263 

b-wbpeva^ consequents (= “following’^ terms) 
in a proportion ii. 134, 238 
iTcpojUii^KrjSy oblong : irepb/xriKeSi oblong (figure) 
I. 15 1, 188: (of numbers) in Plato = ir/>o- 
fiilKriSy which however is distinguished from 
hepofjLiiKTjs by Nicomachus etc. Ii. 289-90, 
^93 

€b$v^ r6, the straight l. 159; evBeta {ypajJLfi'^), 
straight line i. 165-9 

ebOvypafJkfUKos^ rectilinear (term for prime 
numbers) ii. 285 

cb$&ypafXfJi. 0 St rectilineal i. 187: neuter as 
substantive i. 346 

ebOvfJLcrpiKoSf euthymetric (of prime numbers) 
n. 285 

l0dirTe(r^at, to touch i. 57 
4 <f>apfj. 6 ^€iVf to coincide t l^ptib^eodaif to be 
cipplied to i. 168, 224-5, 249 
iifnKriKbi (of a class of loci) i. 330 

“ in order” l. 181 : of adjacent angles 
1. 181, 278 

iryobfA€pa, antecedents (“leading” terms) in 
a proportion n. 134 

^irep, than : construction after 5(7rXa<rfwi' etc. 

133 


de(JI)prifia, theorem, 

Bvpebs (shield) = ellipse i. 165 

Idiofir^Krfs, of square number (lamblichus) 1 1. 

293 

tinrov iridrj, hippopede (horse -fetter), name 
for a certain curve i. 162-3, 
looKis loaxis f(rof, equal multiplied by equal 
and again by equal (of a cube number) ii. 
290, 291 

lodKLs taoSf equal multiplied by equal (of a 
square number) ii. 291 
laaKis toos IXarropaKis (/uetfovd/ay), species of 
solid numbers, =:ir\ipdls ( 5 okIs or orriXls) 
II. 291 

loofdrpwy On isometric 

figures (Zenodorus) i. 26, 27, 333 

KdOtros {evBeia ypafiph), perpendicular 1 . 
181-2, 271: “plane” and “solid” per- 
pendicular i. 272 
KodrfyriTifis I. 20 

KaXcLaOu), “ let it be called,” indicating 
originality of a definition ii. 129 
KafivbXo^, curved (of lines) l. 159 
KarapeTpciPf measure II. 115: without re- 
mainder, “completely ’’( tXtjpoi^ptws) 1 1. 2.80 
KaraoKCvd^oif construct : twp avrOiv Kara- 
oKevaoBlvTouPf “with the same construc- 
tion” II. II 

Karacr/feuj), construction^ or machinery^ one 
of the divisions of a proposition i. 129 : 
sometimes unnecessary i. 130 
Kararofx^ Kavhvos, Sectio canonis attributed to 
Euclid I. 17, II. 295 
K€l<r 6 u)y “ let it be made ” i. 269 
K€Kafi/iiv 7 ]f bent (of lines) I. 159, 176 
Klvrpop, centre 1 . 183, 184, 199: of sphere III. 

270 : if 4k toO K 4 pTpov=: radius i. 190, ii, 2 
KeparoeLdifs (ywpla)^ horn-like (angle) I. 177, 
178, 182, II. 4, 39, 40 
kXom, to break off y deflect ^ or inflect : KCKXdodaij 
def. of, alluded to by Aristotle l. 118, 150, 
176, 178, II. 47 : KCKXaopdPTf ypap.pdft 

defined by Heron i. 150, 159: KeKXdoBw 
dif irdXLV ll. 47 

KXdoir, breaking (of lines) i. 176 
KXfo-ts, inclination: (of line to line) I. 176: 
(of straight line to plane or of plane to 
plane) iii. 263-4: bpolm KeKXloBaiy to be 
similarly inclined ill. 265 
KQiXoyibpLOP, hollow-angled (figure), in Zeno- 
dorus I. 27, 188 

KoivaX ivpoiaiy Common Notions ( = axioms) 
1. 221—2 : called also rd KOiudy Kocpal 
(Aristotle) i. 120, 221 

KOipif TpooKcLoBwy df^ifipiodufy “let there be 
added to, subtracted from, each” I. 276 
Koipif Topki common section (of planes) ill, 
263 

KbXovpoSy truncated (of pyramidal number 
minus vertex) ii. 291 

Kopvipift vertex : /card Kopv<pdfv^ vertical (angles) 
l. 278 

xpfxos, ring (Heron) I. 163 
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KVK\iK 6 Sf cyclicy a particular species of square 
number ii. 291 

cylinder III. 271 
icwf'Of, cone lU. 270 

lemma (= something assumed, M/a- 
PavbfjL€vov) I. 1 33-4 

ratio: meaning ir. 117: definition of, 

II. 116-9: original meaning (of something 
expressed) accounts for use of dXoyos, 
having no ratio ^ irrational li. i\j 

XotT<$r, remaining : Xotir^ 17 A A rf BH 

toni iorip 1. 245 

major (irrational straight line) iil. 7, 
87-8 etc, 

/Ae/iovwcr^at, to be isolated^ of /Aovdr, unit 
(Theon of Smyrna) ii. 279 

part: two meanings il. 115: generally 
= submultiple ii. 280: fiipri, parts (= proper 
fraction) 11. 115, 280: fiipri ( = direction) 

I. 190, 308, 323: ( = side) I. 271 

ftlorj dpdXoyop (eiJ^eta), fiiaos dvdXoyop (dpiO- 
/k6s), mean proportional (straight line or 
number) ii. 129, 295, 363 etc. 
fiiaoiy “ medial ” (of a certain irrational 
straight line or area) ill. 49, ^o: ii iK duo 
tiiatav rrpiinri {deuTipa)^ “ the first (second) 
bimedial (straight line)” iii. 7, 84-6: 
fitaris droTopi) vptbrri {d€vrlpa)f “first 
(second) apotome of a medial (straight 
line)” III. 7, 159-62: /^rjrdp nal pioop 
dvvapAvri, “side of (square equal to) the 
sum of a rational and a medial area ” 

III. 7, 88-9: ddo piaa dupaplpTj, “side of 
the sum of two medial areas ” iii. 7, 
89-90 : 7 } /A«rd f^TjTov (pdoov) pioov rd dXop 
TToiovoa, “side of (square equal to) the 
difference between a medial and a rational 
(medial) area iii. 7, 164-7 

periijpost elevated (above a plane) ill. 272 
pif ydpf “suppose it is not ” ll. 7 
prjKoSt length i. 158-9 ; in Plato = side of 
complete square or length commensurable 
with unit of length ii. 288, ill, 3 : more 
generally, of number in one dimension 

II. 287-8 

prfvo€i.diiSf lune-like (of angle) I. 26, 201 : to 
prjpocidis (<rx^/Act)i lune I. 187 
piKTdSf “mixed” (of lines or curves) i. 161, 
162 : (of surfaces) i. 170 
fwvdsy unit, monad : supposed etymological 
connexion with pdpost solitary, poviit rest 
II. 279 : pLopds TTpooXapovoa BdoiPf definition 
of a point i. 155 

popboTpotpot “ single-turn spiral ” I. 122- 
3 164-5 : in Pappus =• cylindrical helix 

I. 165 

pebaeis, inc/iftations, a class of problems 
I. 1 50-1: PfOciPt to ver^e i. 118, 150 

^voTpoeidiis, scraper-like (of angle) i. 178 

6 / 406 (^ 1 }$, “of the same form” 1. 250 


dpMopepdfii uniform (of lines or curves) i. 40, 
161-2 

dpoLoSf similar: (of rectilineal figures) ii. 188 : 
(of angles) = equal (Thales, Aristotle) i. 
252: (of . segments of circles) ll. 5; (of 
plane andi solid numbers) I. 357, ii. 293 
bpoibriff Xbytopf “ similarity of ratios ” (inter- 
polated def. of proportion) ii. 119 
bpSXoyoSf homologous, corresponding ii. 134 : 
exceptionally “in the same ratio with” 
ii. 238 

opopay name or leroty in such expressions as 
7} iK dOo dpopdTtoVy the binomial (straight 
line) III. 7 etc. 

{ytopla)^ acute (angle) I. 18 1 
d^vytSiPtoSy acute-angled I. 187 
dvep ^dci dei^aL (or iroiijaai) Q.E.D. (or F.) I. 57 
6p6oyU)Pios, right-angled : as used of quadri- 
laterals =r^r/a«^/ari, 188-9 
bpLopbs, definition I. 143 
dpost definition i. 143 : original meaning of, 
i. 143: = boundary, limit i. 182: ^Urm 
in a proportion ii. 131 
visual ray i. 166 

vdpT-g fjLeraXapL^pbpepai, “taken together in 
any manner ” i. 282 

wapa^dXXeip, to apply (an area) : irapa^dXXeiy 
dirb used, exceptionally, instead of irapa- 
^dXXety irapd or dvaypdtpety dirb ll. 262 
irapcL^oXrj tQp application oj areas 

I, 36, 343-5 : contrasted with inreppoXi) 

{exceeding) and (falling-short) l. 

343 ; wapapoXh contrasted with oboraais 
{construction) I. 343 : application of terms 
to conics by Apollonius I. 344-5 

irapddolios rbiroSy by The 7'reasitry of Para- 
doxes I. 329 

wapaXXdTTWy “fall beside,” “sideways” or 
“awry” i. 262, ii. 54 

frapaXXrjXeirlTredos (adj.), parallelepipedal = 
“with parallel planes or faces”: (rrepeby 
irapaXXTjXcTrlTredov = “ parallelepipedal 

solid,” not “solid parallelepiped” ill. 326 
vapaXX’tjjXbypa.p.poSy parallelogram mic (= pa- 
rallel-lined) ; irapaXXriXbypappLoy 
“ parallelogrammic area,” shortened to 
napaXXvXbypafipLoyy parallelogram 1. 325 
TrapaTrXhpojpa, complement (of a parallelo- 
gram) (J.V. 

Teyrdypafipoy II. 99 

irepalpovaa irocrbn^Sy “limiting quantity” 
(Thymaridas’ definition of unit) ii. 279 
irlpaty extremity l. 165, 182 : irlpai cruyKXttoy 
(Posidonius’ definition of figure) i. 183 
vepiexofUyri (of angle), wepiexbfityoy (of rect- 
angle), contained I. 370 ; rd dls wepitxd- 
fiepovy twice the rectangle contained I. 380: 
(of figure) contained or bounded i. 182, 
183, 184, 186, 187 

wcpunrdKts dpriosy odd-times even il. 282-4 
vepiaodKis wepurab^y odd-times odd 11. 284 
wepurodpTioSy odd-even (Nicomachus etc*) 

II. 283 

ire/Mcr(r6y, odd (number) 11. 281 
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wtpi^ptiat circumference (includes arc) i. 184 
circular i. 159 

if€pi^p6ypap.fMs, contained by a circum- 
ference of a circle or by arcs of circles 
I. 182, 184 

xiKlKoSf how great: refers to continuous 
(geometrical) magnitude as ro<r6s to discrete 
(multitude) ii. 116-7 

wriXiK&rrfSt used in v. Def. 3 and vi. Def. 5 : 
=^size (not quantuplicity as it is translated 
by De Morgan) ii. 116-7, 189-90: sup- 
posed multiplication of ir7j\iK6T7}T€s (vi. 
Def. 5) II. 132: distinction between 
and iUyeOos II. 117 

irXdros, breadth i. 158-9: (of numbers) ii. 288 
wXeovd^ou {jrp 6 p\r}pxi), “ (problem) in excess ” 

I. 129 

wXevpdt side : (of factors of ** plane ” and 
“solid” numbers) ii. 288 
wXijOos wpLtrpivov or Treirepairpivou^ defined 
or finite multitude (definition of number) 

II. 280: iK povddcjp (svyKclpepov vX^Boi 
(Euclid’s def.) ii. 280 

iroXXairXaa’id^etv, multiply : defined ii. 287 
2roXXoirXa0-iaff/A6s, multiplication: Ka 6 ' biroi- 
ovovv 7roXXoirXa(rta<rM6i^, “ (arising) from any 
multiple whatever” ii. 120 
iroXXairXdo-ios, multiple : IffdKLS TroXXairXdffta, 
equimultiples II. 120 etc. 
ir6Xos, a mathematical instrument i. 370 
woXvirXevpop, multilateral, many-sided figure 

I. 187 : excludes TtrpdvXevpoPt quadri- 
lateral II. 239 

voplisaffOaL, to “find” or “furnish” I. 125, 

II. 248 

ir6pi0’/Aa, porism q.v, 

woadKis TTOffdKis TTocoli “so many times so 
many times so many” (of solid numbers, 
in Aristotle) il. 286, 290 
iroffdKis TTOiTolf “ so many times so many ” (of 
plane numbers, in Aristotle) ii. 286 

quantity^ in Aristotle il. 115 ; refers 
to multitude as rrjXlKou to magnitude ii. 
116-7 

wplafia^ prism ill. 268 
wpdfiXrifui, problem q,v, 
wporiyodpi€PoSf leading', (of conversion) = 
complete i. 256-7 : vpoyjyoBp.epop (Bedjprjfia), 
leading (theorem), contrasted with converse 
*57 

wpofiliKriSt oblong (of numbers) : in Plato 
^hepopdiKTis^ but distinguished from it by 
Nicomachus etc. il. 289-90, 293 
irp6j, in geometry, various meanings of, i. 277 
wpoaapaypdyj/ait to draw on to : (of a circle) to 
complete^ when segment is given ii. 56 
wpoaapfdtovoa {ebSeia) = ^'‘annex'' the straight 
line which, when added to a compound ir- 
rational straight line formed by subtraction, 
makes up the weater “term,” i.e. the 
negative “term” iii. 159 
wpoaevpcip, to find in addition (of finding 
third and fourth proportionals) ii. 214 
wp&raaii, enunciation I. 129-30 
irporeLpuff to propound i. 128 


TpoTiSipait to propose : 17 irporeSetoa c^^ela, 
any assigned straight line ill. ii 
TpCoToi frpos dXXi^Xovr, (numbers) prime to 
one another ii. 285-6 
vpioTost prime': two .senses of, i. 146 ; ii. 284-5 
iTTv^iSf case i. 134 
wvpafdSf pyramid ill. 268 

f^Tjrbst rational (literally “ expressible ”) i. 
137, II. 1 1 7, III. I : a relative term, un- 
like dobpfieTpos (incommensurable) which 
is a natural kind (Pythagoreans) HI. i : 

hidperpfn rrjs ire/AirdJos, “ rational 
diameter of 5” (=^7, as approximation to 
^50) I- 399 » III. 12, 525 : ItrjTOP Kal fUaop 
SvpapdPTi ( = side of square equal to sum of 
a rational and a medial area) etc. ill. 7 

aripeloPy point I. 155-6 
aTddp.y)y a mathematical instrument i. 371 
(TTcpeAs, solid III. 262-3 : of solid numbers 
II. 290-1 : OTcpcd yuplay solid angle ill. 
267-8 : Sfioia areped (rx^J/uara, similar 
solid figures ill. 265-7 
any filly point 1. 156 
aroix^ioPy element I. 114-6 
arpoyybXoPf t6, the round (circular), in Plato 
I. I 59 » 184 

aTpoyyvXbrriSy roundness I. 182 
aijfifi€Tpoiy commensurable : fi'^Kcty in length, 
dvpdfiei fibpoPy in square only ill. 1 1 
avfivipaapa. conclusion (of a proposition) 
I. 129, 130 

abyevaiiy convergence I. 282 
o’ui'cx'tjs, continuous : avv€xl)S dvaXoyLa, 
“ continuous proportion ” (in three terms) 

avPTififilpri dpaXaylayConftected (i.e. continuous) 
proportion II. 13 1, 293: avpyififihoi of 
compound ratio in Archimedes ii. 133 
avpBiPTiy componendo ii. 134-5 
abpBtai'i Xbyovy “composition of a ratio,” 
distinct from compounding of ratios ll. 

*34-5 

abpBeroSy composite: (of lines or curves) 
I. 160: (of surfaces) i. 170: (of numbers), 
in- Nicomachus and lamblichus a sub- 
division of odd II. 286 

avpiaraaBaiy construct-, special connotation 
I. 259, 289 : with kpTb% I. 289 : contrasted 
w'ith vapapdXXeip {apply) I. 343 ; ob avara- 
Bi^aeraiy avaraBi^aoPTaty “ there cannot be 
constructed” i. 259, ii. 53 
avPTlBTjfiif abyKcifiai (of ratios) ll. 135, 189- 
90 : avyKclficpa and diaipeBtpra {com~ 
ponendo and separando) used relatively to 
one another ii. 168, 170 
abaTTjfia pLOpddcjpy “ collection of units ” (def. 

of number) ii. 280 
avarrifiaTiKbSf collective II. 279 
oipatpat sphere iii. 269 
aipaipiKbSy spherical (of a particular species of 
cube number) ii. 291 

OiprjKlaKot or a<jniplaK0Sy of solid number with 
all three sides unequal (= scalene) li. 290 
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** relation'*: roiA ffx^<ris, “a sort of 
relation*’ (in def. of ratio) ii. 116-7 

<rxrit^°^'f’oypa^io,^ representing 
(numbers) by figures of like shape i. 35^ 
aXi7/iaroirotoO<ra or crxvf^^ iroioOffa, “ forming 
a figure ** (of a line or curve) i. 160-1 

rainofi'ffKTit^ of square number (Nicomachus) 
IL 393 

ra^r&nis X67WV, “sameness of ratios” ii. 119 
rAetas, perfect (of a class of numbers) ii. 

*93-4 

reraynipoit “ordered ” : rerayfiivop irpS^Xrjfuif 
“ordered” problem i. 138: TeraytUpri 
dpaXoyla, “ordered” proportion ii. 137 
TerapayiUpri dpoKoylaf perturbed proportion 
II. 136 

rerpaytopuTubi^ squarings definitions of, 1. 149- 
50, 410 

rerpdywpop, square : sometimes (but not in 
Euclid) any four-angled figure i. 188 
rerpdirXevpoPt quadrilateral - 1. 187: not a 
“polygon” II. 339 

TfirjpM KbrXovt segment of a circle : rpLif/xaroi 
yupia, angle of a segment II. 4 : h TfidipLari 
yuplay angle in a segment ii. 4 
Tojxedt {KbKXou)f sector (of a circle) : okvtoto- 
fUKbs TOfjLebst “shoemaker’s knife” ii. 5 
To/Ai), section, —point of section i. 170, 171, 
378: Koip^i TOfxiif “common section” iii, 
363 

Tofioeidi^s (of figure), sector- like II. 5 
TowiKbp dedjpTfpLa, locus-theorem i. 339 
rbiroSf locus I. 3 39-3 1 : =room or space 
I. 33 «. : place (where things may be 
found), thus tAtos dpaXud/ucpos, Treasury 
of Analysis I. 8, 10, irapddo^os Tbiros, 
Treasury of Paradoxes^ i. 339 


rdppotf instrument for drawing a circle i. 371 
ToaavrarXdaioPf “ the same multiple ” ll. 146 
Tplycjpopf triangle : rb TpnrXovp^ rb bC dXXlj- 
Xuvt triple, interwoven triangle, = penta- 
gram II. 99 

TpiirXdffioSf triple, rptvXaorlMPf triplicate (of 
ratios) 11. 133 

rplwXevpoPf three-sided figure i. 187 
rvyxhpeip, happen: rvxbp <nffMtoPt any point 
at random l. 353: ri^oDcra yvpla, **any 
angle” Ii. 3f3 : AXXa, a irvxePy lodKiSToX- 
XairXcurm, “other, chance, equimultiples” 
II. 143-4 

{nrep^Xlf, exceeding^ with reference to method 
of application of areas i. 36, 343-5, 

vTcepTeXiif or ^e/wAeioy, “over- perfect” (of 
a class of numbers) ii. 393-4 
birb^ in expressions for an angle (tj bwb BAP 
ytopla) 1. 349, and a rectangle i. 370 
vTTobnrXdoLOSy sub- duplicate ^ = half (Nico- 
machus) II. 380 

biroK€lpL€Pos, laid down or assumed : rb bro- 
Kclficpop MiredoPy the plane of reference 
HI. 373 

uirbKeiTaif “is by hypothesis” I. 303, 313 
biroTToXXavXdaioSj submultiple (Nicomachus) 
II. 380 

bworelpciPt subtend^ with acc. or bieb and acc. 

I. 349, 383, 350 
d^os, height ii. 189 

X^pioPf area ii. 354 

bjpiaijdpyj ypapLfiifi, determinate line (curve), 
“forming a figure” i. 160 
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al-*Abb^ b. Said al-Jauhan I. 85 
“ Abthiniathus” (or “ Anthisathus ”) i. aoj 
Abu ’1 ’Abbas al-Fadl b. Hatim, see an- 
Nairlzi 

Abu 'Abdallah Muh. b. Mu adh al-Jayyani 
I. 00 

Abu ^Ali al-Basr! i. 88 
Abu 'All al-Hasan b. al-Hasan b. al-Haitham 
I. 88, 89 

Abu Da’ud Sulaiman b. ’Uqba I. 85, 90 
Abu Ja'far al-Khizin i. 77, 85 
Abu Ja'far Muh. b. Muh. b. al-Hasan 
Na^iraddin at-TusI, see Nasiraddin 
Abu Muh. b. Abdalbaqi al-Bagdadi al-Faradi 
I. 8 90 

Abu Muh. al-Hasan b. ’Ubaidallah b. Sulai- 
man b. Wahb I. 87 
Abu Nasr Gars al-Nama i. 90 
Abu Nasr Mansur b. 'Ali b. 'Iraq i. 90 
Abu Nasr Muh. b. Muh. b. Tarkhan b. 

Uzlag al- Farabi i. 88 
Abu Sahl Wijan b. Rustam al-Kuhi I. 88 
Abu Sa'id Sinan b. Thabit b. Qurra^^i. 88 
Abu 'Uthman ad-Dimashqi i. 25, 77 
Abu ’1 Wafa al-Buzjani i. 77, 85,’ 86 
Abu Yusuf Ya'qub b. Ishaq b. as-Sabbah al- 
Kind! i. 86 

Abu Yusuf Ya'qiib b. Muh. ar-Razi i. 86 
Adjacent meaning i. 181 

Adrastus ii. 292 

Aenaeas (or Aigeias) of Hierapolis i. 28, 31 1 
Aganis I. 27-8, 19 1 

Ahmad b. al-Husain al-AhwazI al-Katib i. 89 
Ahmad b. 'Umar al-Karabisi i. 85 
al-AhwazI I. 89 

Aigeias (? Aenaeas) of Hierapolis i. 28, 311 
Alcinous II. 98 

Alexander Aphrodisiensis i. 7«., 29, ii. 120 
Algebra, geometrical i. 372-4 ; classical 
method was that of Eucl. Ii. (cf. Apol- 
lonius) I. 373: preferable to semi-alge- 
braical method i. 377-8: semi-algebraical 
method due to Heron i. 373, and favoured 
by Pappus I. 373 : geometrical equivalents 
of algebraical operations i. 374: algebraical 
equivalents of propositions in Book li., i. 
372-3: etjuivafents in Book x. of pro- 
positions in algebrai ,Jk - cannot be 


equal to ill. 58-60: if 
thena=jf, III. 93-4, 167-8 

'Ali b. Ahmad Abft '1 Qasim al-Antaki i. 86 
Allman, O. J. i. 135 31^, 352, iii. 18- 
9 » 439 

Alternate: (of angles) i. 308: (of ratios), 
alternately ii. 134 

Alternative proofs, interpolated i. 58, 59 : 
cf. III. 9 and following 11. 22 : that in 
III. 10 claimed by Heron ii. 23-4 
Amaldi, Ugo i. 175, 179-80, 193, 201, 313, 
328, II. 30, 126 

Ambiguous case i. 306-7 : in vi. 7, II. 208-9 
Amphinomus I. 125, 128, 150 «. 

Amyclas of Heraclea I. 117 
Analysis (and synthesis) i. 18 : definitions 
of, interpolated, 1. 138, iii. 442 : described 
by Pappus l. 138-9: mystery of Greek 
analysis 11 1. 246: mwiern studies of Greek 
analysis i. 139: theoretical and problem- 
atical analysis i. 138: Treasury of Analy- 
sis (rfnroi dvdKvdfxevos) I. 8, 10, ii, 138: 
method of analysis and precautions neces- 
sary to, I. 139-40: analysis and synthesis 
of problems l. 140-2 : two parts of analysis 
(a) transformation^ (bj resolution^ and two 
parts of synthesis, (a) construction^ (b) 
demonstration i. 141 : example from 
Pappus I. 141-2: analysis should also 
reveal biopiafxbs (conditions of possibility) 
I. 142; interpolated alternative proofs of 
xin. 1-5 by analysis and synthesis I. 137, 
III. 442-3 

Analytical method i. 36 : supposed discovery 
of, by Plato I. 134, 137 
Anaximander i. 370, ii. iii 
Anaximenes ii. iii 
Anchor-ring i. 163 
Andron i. 126 

Angle: curvilineal and rectilineal, Euclid|8 
definition of, i. 176 sq. : definition criti- 
cised by Syrianus i. 176: Aristotle’s notion 
of angle as xXd<rts i. 176: Apollonius’ view 
of, contraction i. 176, 177: Plutarch and 
Carpus on, i. 177: to which category does 
it belong? quantum^ Plutarch, Carpus, 
“Aganis” I. 177, Euclid l. 178; quale^ 
Aristotle and Eudemus i. 177-8: relation^ 
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Euclid I. 178: Syrianus* compromise 

I. 178: treatise on the Angle by Eiidemus 
I* 34» 381 177-8; classification of angles 
(Geminus) i. 178-9; curvilineal and 
“mixed” angles i. 26, 178-9, hom-like 
(fceparoetS'^^s) I. I 77 » I 78 » 182, 265, II. 4, 
39» 40, lune-like (iiiivoeiHi) r. 26, 178-9, 
scraper-like {^verpoeiShs) I. 178: angle of ^ 
segment i, 253, ii. 4 ; angle of a semi- 
circle 1 . 182, 253, II. 4 ; controversies about 
“ angle of semicircle ” and hornlike angle 

II. 39-42: definitions of angle classified 

I. 179; recent Italian views i. 179-81; 
angle as cluster of straight lines or rays 
1. 180-1, defined by Veronese i. 180: as 
part of a plane (“angular sector”) i. 179- 
80 : flat angle (Veronese etc.) I. i8o-;^i, 
269: three kinds of angles, which is prior 
(Aristotle)? i. 181-2 : angles not less than 
two right angles not recognised as angles 
(cf. Heron, Proclus, ZencSonis) ii. 47-9: 
did Euclid extend “angle” to angles 
greater than two right angles in vi. 33? 
It. 275-6; adjacent i. 18 1 : alternate 

i. 308: similar {= equal) i. 178, 182, 252: 
vertical l. 278 : exterior and interior 
(to a figure) i. 263, 280; exterior when 
re-entrant I. 263, in which case we have a 
hollonu-angled ligure i. 27, 188, il. 48: 
interior and opposite I. 280: construction 
by Apollonius of angle equal to angle 
I. 296; angle in a semicircle, theorem of, 
I, 31 7-9 ; trisection of angle, by con- 
choid of Nicomedes i. 265-6, by quadratrix 
of Hippias I. 266, by spiral of Archimedes 
I. 267; dihedral angle ill. 264-5; solid 
angle ill. 261, 267-8 

Annex (‘irpoeapfJLdtovo’a) = the straight line 
which, when added to a compound ir- 
rational straight line formed by subtraction, 
makes up the greater ” term,” i.e. the 
negative “term** iii. 159 

al-Antaki I. 86 

Antecedents (leading terms in proportion) ii. 
'34 

“ Anthisathus ** (or “ Abthiniathus ’*) i. 203 

Antiparallels : may be used for construction 
of VI. 12, II. 215 

Antiphon i. 7 35 

Apastamba-^ulba-Sutra i. 352 ; evidence in, 
as to early discovery of Eucl. i. 47 and use 
of gnomon i. 360-4; BUrk’s claim that 
Indians had discovered the irrational i. 
363-4 : approximation to »J2 and Thibaut’s 
explanation l. 361, 363-4: inaccurate 
values of v in, i. 364 

Apollodorus “ Logisticus ’* i. 37, 319, 351 

Apollonius ; disparaged by Pappus in com- 
parison with Euclid i. 3; supposed by 
some Arabians to be author of the Ele- 
ments I. 5; a “carpenter” i. 5; on ele- 
mentary geometry I. 42 : on the line i. 
159; on the angle i» 176: general defini- 
tion of diameter i. 325: tried to prove 
axioms I. 42, 62, 222-3: his “general 


treatise** i. 42: constructions by, for 
bisection of straight line i. 268, for a 
perpendicular i. 270, for an angle equal to 
an angle i. 296: on parallel-axiom (?) 
i. 42-3; adaptation to conics of theory of 
application of areas i. 344-5 ; geometrical 
algebra in, i. 373 : Plane Loci, 1. 14, 259, 330, 
theorem from (arising out of Eucl. vi. 3), 
also found in Aristotle il. 198-200: Plane 
veifiTHs I. 15 1, problem from, il. 81, lemma 
by Pappus on, ii. 64-5 ; comparison of do- 
decahedron and icosahedron i. 6, ill. 439, 
512, 513: on the cochlias i. 34, 42, 162: 
on “unordered** irrationals i. 42, 115,111. 
3, 10, 246, 255-9: general definition of ob- 
lique (circular) cone ill. 270; i. 138, 188, 
221, 222, 246, 259, 370, 373, II. 75 , ' 9 ®, 
258, HI. 264, 267 

Apotome : compound irrational straight line 
(difference between two “terms”) iii. 7; 
defined lii. 158-9: connected by Theae- 
tetus with harmonic mean iii. 3, 4; 
biquadratic from which it arises ill. *]• 
uniquely formed ill. 167-8: flrst, second^ 
third, fourth, fifth and sixth apotomes, 
quadratics from which arising III. 5-6, 
defined Iii. 177, and found respectively 
(x. 85-90) III. 178-90: apotome equivalent 
to square root of first apotome ill. 190-4; 
first, second, third, fourth, fifth and sixth 
apotomes equivalent to squares of apotome, 
first apotome of a medial etc. ill. 212-29: 
apotome cannot be binomial also ill. 240-2 : 
different from medial (straight line) and 
from other irrationals of same series with 
itself III. 242 : used to rationalise binomial 
with proportional terms III. 243-8, 252-4 ' 

Apotome of a medial (straight line) : first and 
second, and biquadratics of which they are 
roots III. 7: first apotome of a medial 
defined ill. 159-60, uniquely formed III. 
168-9, equivalent to square root of second 
apotome iii. 194-8: second apotome of a 
medial, defined iii. 161-2, uniquely formed 

III. 170-2, equivalent to square root of 
third apotome ill. 199-202 

Application of areas i. 36, 343-5: contrasted 
with exceeding and falhng-short I. 343; 
complete method equivalent to geometrical 
solution of mixed quadratic equation i. 

344-5. 383-6. 386-8, II. 187, 258-60, 

263-5, 266-7 • adaptation to conics (Apol- 
lonius) I. 344-5 : application contrasted 
with construction (Proclus) i. 343 

Approximations : 7/5 as approximation to ^2 
(Pythagoreans and Plato) ri. 119: approxi- 
mations to in Archimedes and (in 
sexagesimal fractions) in Ptolemy 11. 119; 
to T (Archimedes) ii. 119; to V4500 
(Theon of Alexandria) il. 119 : remarkably 
close approximations (stated in sexagesimal 
fractions) in scholia to Book x. , i. 74 

“Aqaton” i. 88 

Arabian editors and commentators i. 75- 
90 
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Arabic numerals in scholia to Book x., 
nth c., I. 71 

Archibald, R. C. l. 9 10 

Archimedes: “postulates” in, i. i?o, 123: 
“porisms” in, l. \\n.^ 13: on straight 
line I. 166: on plane i. 171-2 : Liber 
assumptomniy proposition from, n. 65 : 
approximations tOi^/3, square roots of large 
numbers and to ir, ii. 119: extension of 
a proportion between commensiirables to 
cover incommensu rabies II. 103: “Axiom” 
of (called however “ lemma,” assumption, 
by A. himself) 1. 234 : relation of “Axiom” 
to X. I, III. 15-6: “Axiom” already 
used by Eudoxus and mentioned by 
Aristotle ill. 16: proved by means of 
Dedekind’s Postulate (Stolz) iii. 16 : on 
discovery by Eudoxus of method of ex- 
haustion III. 365-6, 374; new fragment 
of, “ Method (^^o^os) of Archimedes about 
mechanical theorems,” or dis- 

covered by Heiberg and published by 
him II. 40, III. 366-8, adds new chapter to 
history of integral calculus, which the 
method actually is, iii. 366-7: application 
to area of parabolic segment, ibid. : spiral 
of Archimedes i. 26, 267 : i. 20, 21, 116, 
142, 225, 249, 370, II. 136, 190, III. 246, 
^70, 375 

Archytas i. 20: proof that there is no 
numerical geometric mean between n and 
« + I II. 295 
Areskong, M. E. i. 113 
Arethas, Bishop of Caesarea 1. 48: owned 
Bodleian ms. (B) i. 47-8: had famous 
Plato MS. of Patmos (Cod. Clarkianus) 
written i. 48. 

Argyrus, Isaak i. 74 

Aristaeus 1. 138 : on conics i. 3 : Salid Loci 
1. 16, 329 : comparison of five (regular 
TOlid) figures i. 6, iir. 438-9, 513 
Aristotelian Problems i. 166, 182, 187 
Aristotle : on nature of elements i. 116: on 
first principles i. 117 sqq. : on definitions 
I. 1 1 7, 119-20, 143-4, 146-50: on distinc- 
tion between hypotheses and definitions 
I. 1 19, 120, between hypotheses and 

postulates 1. 118, 119, between hypotheses 
and axioms 1. 120 : on axioms i. 1 19-21 : 
axioms indemonstrable i. 121: on defini* 
tion by negation 1. 156-7: on points i. 
155-6, 165 : on lines^ definitions of, i. 
158-9, classification of, i. 159-60 : quotes 
Plato’s definition of straight line i. 166: 
on definitions of surface i. 170: definition 
of “body” as that which has three 
dimensions or as “depth” iii. 262.: body 
“bounded by surfaces” iii. 

263 : speaks of six “ dimensions ” ill. 263 : 
definition of sphere iii. 269 : on the angle 
I. 176-8 : on priority as between right and 
acute angles i. 181-2 : on figure and 
definition of, 1 182-3 * definitions of 

** squaring” i. 149-50, 410: on parallels 
I. 190-2,308-9: on gnomon i. 351, 355, 


359 : on attributes xard rwrbi and wpwrov 
xaffbXov i. 319, 320, 325: on the objection 
i. 135 : on reduction i. 135 : on reductio aa 
absurdum l. 136; on the infinite I. 232-4: 
supposed postulate or axiom about diver- 
gent lines taken by Proclus from, I. 45, 
207 : gives pre-Euclidean proof of Eucl. i. 
5, i. 252-3: on theorem of angle in a semi- 
circle i. 149 ; has proof (pre-Euclidcan) 
that angle in semicircle is right il. 63 : 
on sum of angles of triangle i. 319-21 : 
on sum of exterior angles of polygon 1. 
322: on def. of same ratio {^same 
dyramLipeais) II. 120-1 : on proportion as 
“ equality of ratios” 11. 119: on theorem in 
proportion (altemando) not ^xost^gmtrally 
till i lis time il. 1 1 3 : on proportion in three 
terms {ovvcxh^, continuous), and in four 
terms {diiupTUiUyr]^ discrete) ii. 131, 293: on 
alternate ratios ii. 134: on inverse ratio II. 
134, 149: on similar rectilineal figures II. 
188 : has locus-theorem (arising out of 
Eucl. VI. 3) also given in Apollonius’ 
Plane Loci ii. 198-200 : on unit ll. 279 : 
on number 11. 280: on non-applicability of 
arithmetical proofs to magnitudes if these 
are not num^rs ii, 113 : on definitions of 
odd and even by one another ii. 281 : on 
prime numbers ii. 284-5 • composite 
numbers as plane and solid ii. 286, 288, 
290: on representation of numbers by 
pebbles forming figures ii. 288: gives 
proof (no doubt Pythagorean) of incom- 
mensurability of <^2, III. 2 : I. 38, 45, 117, 
150 i8f, 184, 185, 187, 188, 195, 202, 
203, 221, 222, 223, 226, 259, 262-3, 283, 
411, II. 2, 4, 22, 79, 112, 135, 149, 159, 
160, 165, 184, 188, 189, III. 4 
Arithmetic, Elements of, anterior to Euclid 
II. 295 

Arithmetical calculations in scholia to Book x. , 
I- 7i» 74 

al-ArjanI, Ibn Rahawaihi i. 86 
Ashkal at-ta’sfs i. 5 n. 

Ashraf Shamsaddin as-Samarqandl, Muh. b. 
I. 5«., 89 

Astaroff, Ivan I. 113 

Asymptotic ( non* secant) : of lines I. 40, 161, 
203 : of parallel planes ill. 265 
Athelhard of Bath i. 78, 93-6 
Athenaeus of Cyzicus i. 117 
Athenaeus i. 20 

August, E. F. I. 103, II. 23, 25, 149, 238. 
250, 412, III. 2, 48 

Austin, W. I. 103, III, II. 172, 188, 211, 259 
Autolycus, On the moving sphere ^ i. 17 
Avicenna, i. 77, 89 

“ Axiom of Archimedes ” iii. 15-6 : already 
used by Eudoxus, iii. 15, and mentioned by 
Aristotle, ill. 16 : relation of, to Eucl. X. 
I, III. 15-6 

Axioms, distinguished from postulates by 
Aristotle i. 118-9, Proclus (Gemtnus 
and “others”) i. 40, 121-3: Proclus on 
difficulties in distinctions i. 123—4 : distirt- 

34 
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guished from hypotheses, by Aristotle I. 
lao-i, byProclus 1. 121-3 : indemonstrable 

I. 121 : attempt by Apollonius to prove i. 

: =s “common (things) ’* or “common 
opinions*^ in Aristotle i. 120, 221: com- 
mon to all sciences i. iiq, 120: called 
“common notions” in Euclid I. 12 1, 221: 
which are genuine? l. 221 sqq. : Proclus 
recc^^ises five i. 222, HeroA three i. 222 : 
interpolated axioms i. 224, 232 : Pappus* 
additions to axioms i. 25, 223, 224, 232 : 
axioms of congruence, ( i) Euclid’s Common 
Notion 4, I. 224-7, (^). modern systems 
(Pasch, Veronese and Hilbert) i. 228-31 : 
“axiom” with Stoics = every simple 
declaratory statement i. 41, 221 : axioms 
tacitly assumed, in Book v., ii. 137, in 
Book VII., II. 294 

Axis: of sphere iii. 261, 269 : of cone III. 
261, 271 : of cylinder III. 262, 271 

Babylonians : supposed discoverers of “ har- 
monic proportion ” ii. 1 12 
Bacon, Roger i. 94, 416 
Baermann, G. F. ii. 213 
Balbus, (ie mensuris i. 91 
Baltzer, R. ii. 30 
Barbarin i. 219 

Barlaam, arithmetical commentary on Eucl. 

II. , I. 74 

Barrow: on Eucl. v. Def. 3, ii. 117; on 
V. DefJ 5, II. 121 : i. 103, 105, no, iii, 

II. 56, 186, 238 

Basel meaning i. 248-9 : of cone ni. 262 : 
of cylinder 11 1. 262 

Basel editio princeps of Eucl., i. foo-i 
Basilides of '^re i. 5, 6, iii. 512 
Baudhayana Sulba-Sutra i. 360 
Bayfius (Baif, Lazare) i. 100 
Becker, J. K. i. 174 
Beez I. 176 
Beha-ad-din i. 417 
Beltrami, E* i. 219 
Benjamin of Lesbos i. 113 
Bergh, P. i. 400-1 
Bernard, Edward i. 102 
Besthom and Heiberg, edition of al Ilajjaj’s 
translation and an-NairIzi’s commentary 
I. 22, 27«., 79 «. 

Bhaskara i. 355, 418 
Billingsley, Sir Henry, i. ioq-io, 418, ii. 56, 
238, III. 48 

Bimedial (straight line) : first and second, 
and biquadratic equations of which they 
are roots ill. 7 ; first bimedial defined iii. 

84- 5, equivalent to square root of second 
binomial ill. 84, 120-3, uniquely divided 

III. 94-5 : second bimedial defined III. 

85- 7, equivalent to square root of third 
binomial iii. 84, 124-5, uniquely divided 
III. 95-7 

Binomial (straight line) : compound ir- 
rational straight line (sum of two “ terms ”) 
in. 7 : defined iii. 83, 84 : connected by 
Theaetetus with arithmetic mean ill. 3, 4: 


biquadratic of which binomial is a positive 
root III. 7 : firsts second, third, fourth, 
fifth and sixth binomials, quadratics from 
which arising III. 5-6, defined ill. 101-2, 
and found respectively (x. 48-53) III. 102- 
15, are equivalent to squares of binomial, 
first bimedial etc. iii. 13^-45 = binomial 
equivalent to square root of first binomial 
III. 116-20: binomial uniquely divided, 
and algebraical equivalent of this fact ill. 
92-4 t cannot be apotome also iii. 2.iO-2 : 
different from medial (straight line) and 
from other irrationals (first bimedial etc.) 
of same series with itself ill. 242 : used to 
rationalise apotome with proportional terms 
III. 248-52, 252-4 
al Biruni i. 90 

Bjdmbo, Axel Anthon i. I7»., 93 

Boccaccio i. 96 

Bodleian MS. (B) i. 47, 48 

Boeckh i. 351, 371 

Boethius i. 92, 95, 184, ii. 295 

Bologna MS. (b) i. 49 

Bolyai, J. i. 219 

Bolyai, W. I. 174-5, 219, 328 

Bolzano I. 167 

Boncompagni I. 93 n., 104 n, 

Bonola, R. i. 202, 219 
Borelli, Giovanni Alfonso i. 106, 194, Ii. 2, 84 
Boundary { 6 pos) I. 182, 183 
Brakenhjelm, P. R. I. 113 
Breadth (of numbers) = second dimension or 
factor II. 288 

Breitkopf, Joh. Gottlieb Immanuel I. 97 
Bretschneider I. 136 137, 295, 304, 344, 

354* 358, HI. 439» 44* 

Briconnet, Fran9ois I. 100 
Bride, Theorem if the = Eucl. I. 47, i. 
417-8 

Bride's Chair," name for Eucl. i. 47, I. 
417-8 

Briggs, Henry i. 102, ii. 143 

Brit. Mus. palimpsest, 7th — 8th c. , i. 50 

Bryson, i. 8«. 

BUrk, A. I. 352, 360-4 
BUrklen i. 179 

Buteo (Borrel), Johannes i. 104 

Cabasilas, Nicolaus and Theodorus i. 72 
Caiani, Angelo i. loi 
Camerarius, Joachim i. loi 
Camerer, J. G. I. 103, 293, ii. 22, 25, 28, 
33, 34, 40, 67, I2I, 131, 189, 213, 244 
C^amorano, Rodrigo, i. 112 
Campanus, Johannes i. 3, 78, 94-6, 104, 
106, no, 407, II. 28, 41, 56, 90, 116, 119, 
121, 146, 189, 21 1, 234, 235, 253, 275, 
320, 322, 328 

Candalla, Franciscus Flussates (Fran9ois de 
Foix, Comte de Candale) i. 3, 104, 1 10, 
II. 189 

Cantor, Moritz i. 272, 304, 318, 32P, 333, 
35*, 355, 367-8, 360, 401, ii. 5, 40, 97, 
in* 8, 15, 438 

Cardano, Hieronimo 11. 41, ill. 8 
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Carduciii, L. }. iii 

Carpus, on Astronomy, i. 34, 43; i. 45, 127. 
128, 177 

Case^ technical term i. 134 ; cases interpola- 
ted I. 58, 59 : Greeks did not infer limiting 
cases but proved them separately ii. 75 
Caseyi J. n« ^27 
Casiri, I. 4«., 17/f. 

Cassiodorus, Magnus Aurelius 1. 92 
Catalan, 11. 426 
Cataldi, Pietro Antonio, i. 106 
Catoftrica^ attributed to Euclid, probably 
Theon’s i. 17 : Catoptrica of Heron i. 21, 
^53 

Cauchy iii. 267: proof of Eucl. xi. 4, iii. 
280 

“ Cause ” : consideration of, omitted by com- 
mentators I. 19, 45 : definition should state 
cause (Aristotle) i. 149: cause = middle 
term (Aristotle) i. 149 : question whether 
geometry should investigate cause (Gemi- 
nus), I. 45, I son. 

Censorinus i. 91 
Centre, K^vrpoy i. 184-5 
Ceria Aristotelica i. 35 
Ces^ro, E. ii. 426 

“ Chance equimultiples” in phrase “other, 
chance, equimultiples” ii. 143-4 
Chasles on Porisms of Euclid 1. 10, 1 1, 14, 15 
Chaucer, Dulcamon in, i. 416-7, 418 
Chinese, knowledge of triangle 3, 4, 5, 

I. 35«» 362: “Ch6u pei” i. 355 
Chou Kung I. 362 
Christensen iii. 8 
Chrysippus I. 330 
Chrystal, G. III. 19 
Cicero i. 91, 351 

Circle : definition of, i. 183-5 • around, 
arpir/yOXoy (Plato), i. 184 : = 
ypofAfioy (Aristotle) i. 184 : plane figure 

I. 183-4 : exceptionally in sense of “cir- 
cumference” II. 23: centre of, l. 184-5 : 
pole of, I. 185 ; bisected by diameter 
(Thales) i. 185, (Saccheri) i. 185-6: inter- 
sections with straight line i. 237-8, 272-4, 
with another circle i. 238-40, 242-3, 
293-4 : definition of “equal circles” ii. 2 : 
circles touchings meaning of definition, 

II. 3 : circles intersecting and touching, 
difficulties in Euclid’s treatment of, 11. 
25-7, 28-9, modem treatment of, ii. 30-2 

Circumference, rrept^^pcta, l. 184 
Cissoid, I. 161, 164, 176, 330 
Clairaut i. 328 

Clavius (Christoph Klau?) i. 103, 105, 194, 
232, 381, 39** 407. II- 41* 4*. 47* 49* 
53* 56.67, 70, 73. 130, 170. 190* ^31. 238, 
244. 271, III. 273, 331, 341* 350, 359* 433 
Claymundus, Joan. I. loi 
Cleonides, Introduction to Harmony^ i. 17 
Cochlias or cochlion (cylindrical helix) i. 1 62 
Codex Leidensis 399, i: i. 22, 27/1., 79 w, 
Coets, Hendrik, i. 109 
Commandinus i. 4, 102,^03, 104-5, ro6, 110, 

III. 407, II. 47. 130, 190: scholia includ- 


S3t 

ed in translation of Elements i. 73 : edited 
(with Dec) De divisionibus i. 8, 9, no 
Commensurable : defined ill. 10 : com- 
mensurable in lengthy commensurable in 
square^ and commensurable in square only 
defined iii. 10, ii : symbols us^ in notes 
for these terms lii. 34 

Coihmentators on Eucl. criticised by Proclus 
i. 19. 26, 45 

Common Notions: axioms l. 62, 120-1, 

221-2; which are genuine? i. 221 sq. : 
meaning and appropriation of term I. 221 : 
called “axioms’’ by Proclus i. 221 
Complement^ irapairX^^ptafia : meaning of, I. 
341: “about diameter” i. 341; not 
necessarily parallelograms i. 341 : use for 
application of areas l. 342-3 
Componendo {(rvyfflyrijt denoting “composi- 
tion ” of ratios q.v. : componendo and 
separando used relatively to each other 
II. 168, 170 

Composite, abvdtros-. (of lines) l. 160; (of 
surfaces) i. 170: (of numbers) ll. 286; 
with Eucl. and Theon of Smyrna composite 
numbers may l*e even, but with Nicom. 
and lamblichus are a subdivision of odd ii. 
286, plane and solid numbers are species 
of, II. 286 

“ Composite to one another ” (of numbers) 
II. 286-7 

Composition of ratio {ovvdeois \670u), de- 
noted by componendo {a-vydivTi)^ distinct 
from compounding ratios ii. 134-5 
Compound ratio: explanation of, ii. 132-^: 
(interpolated?) definition of, ii. 189-90: 
compounded ratios in v. 20-3, ii. 170-8 
Conchoids i. 160- 1, 265-6, 330 
Conclusion, ovfiiripaa-fia : necessary part of a 
proposition i. 129-30: particular con- 
clusion immediately made general l. 13 1 : 
definition merely stating conclusion i. 149 
Cone : definitions of, by Euclid ill. 262, 270, 
by Apollonius iii. 270 : distinction between 
right-angled, obtuse-angled and acute- 
angled cones a relic of old theory of 
conics III. 270 : similar cones, definition 
of, III. 262, 271 

Congruence- Axioms or Postulates : Common 
Notion 4 in Euclid i. 224-5 * modem 
systems of (Pasch, Veronese, Hilbert) i. 
228-31 

Congruence theorems for triangles, recapitu- 
lation of, i. 305-6 

Conics, of Euclid, i. 3, 16; of Aristaeus, i. 3, 
16 : of Apollonius i. 3, 16: fundamental 
property as proved by Apollonius equi- 
valent to Cartesian equation 1.344-5 : focus- 
directrix property proved by Pappus I. 
*5 

Consequents (“ following ” terms in a pro- 
portion) II. 134, 238 
Constantinus Lascaris i. 3 
Construct (ovyUrToaBai) contrasted with 
describe on i. 348, with apply to I. 343 ; 
special connotation I. 259, 289 
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Construction y KdToOKevjf one of formal 
divisions of a proposition i. 139: some- 
times unnecessary i. 130: turns nominal 
into real definition i. 146 : mechanical 
constructions i. 15 1, 387 
Continuity, Principle of, i. 234 sq., 242, 272, 
294 

Continuous proportion {ovvexhi or ffvvrififiivri 
duaXoyla) in three terms ii. 13 1 
Conversion t geometrical: distinct from logical 

I. 256: “leading” and partial varieties 
of, I. 256-7, 337 

Conversion of ratio (draorpo^if X6yov)t de- 
noted by convertendo (dvaarpl^avn) ii. 
135 : convertendo theorem not established 
by V. 19, Por. ii. 174-5, but proved by 
Simson*s Prop. E. ii. 175, iii. 38: Euclid’s 
roundabout substitute iii. 38 
Convertendo denoting “conversion ” of ratios, 
q.v. 

Copernicus I. loi 

Cordonis, Mattheus I. 97 

Corresponding magnitudes ii. 134 

Cosmic figures ( = nve regular solids) i. 413-4 

Cossali III. 8 

Cratistus i. 133 

Crelle, on the plane i. 172-4, iii. 263 
Ctesibius i. 20, 21, 3911. 

Cube : defined iii^ 262 : problem of in- 
scribing in sphere, Euclid’s solution in. 
478-80, Pappus* solution iii. 480: dupli- 
cation of cube reduced by Hippocrates of 
Chios to problem of two mean propor- 
tionals I. 135, II. 133 ; cube num&r, de- 
fined II. 291 : two mean proportionals 
between two cube numbers ii. 294, 364-5 
Cunn, Samuel 1. iii 

Curtze, Maximilian, editor of an-Nairiz! 

I. 22, 78, 92, 94, 96, 97«., II. 426 
Curves, classification of: see line 

Cyclic^ of a particular kind of square number 

II. 291 

Cyclomathia of Leotaud ii. 42 
Cylinder : definition of, 11 1. 262 : similar 
cylinders defined in. 262 
Cylindrical helix i. 161, 162, 329, 330 
Czecha, Jo. i. 113 

Dasypodius (Rauchfuss) Conrad i. 73, 102 
Data of Euclid: i. 8, 132, 141, 385, 391: 
Def. 2, II. 248: Prop. 8, n. 249-50: 
Prop. 24, II. 246-7: Prop. 55, II. 254: 
Props. 56 and 68, n. 249: Prop. 58, 11. 
263-5 : Props. 59 and 84, n. 26^7 : 
Prop. 67 assumes part of converse of 
Simson’s Prop. B (Book vi.) n. 224: 
Prop. 70, II. 250: Prop. 85, II. 264: 
Prop. 87, II. 228 ; Prop. 93, n. 227 
Deahna i. 174 

Dechales, Claude Fran9ois Milliet i. 106, 
107, 108, no, II. 259 
Ded^ind’s theory of irrational numbers 
corresponds exactly to Eucl. v. Def. 5, 

II. 124-6 ; Dedekind’s Postulate and 
applications of, i. 235-40, in. 16 


Dee, John i. 109, iioj discovered De 
divisionibus I. 8, 9 

Definition ^ in sense of “closer statement” 
(Sio^(rpL6i)t one of formal divisions of a pro- 
position i. 129: maybe unnecessary i. 130 
Definitions: Aristotle on, i. 117, 119, 120, 
143: a class of thesis (Aristotle) i. 120: 
distinguished from hypotheses i. 119, but 
confused therewith by Proclus i. 12 1-2 : 
must be assumed i. 117-9, but say nothing 
about existence (except in the case of a few 
primary things) I. 119, 143: terms for, 
bpoi and bpiojiibs i. 143 : real and nominal 
definitions (real = nominal plus postulate 
or proof), Mill anticipated by Aristotle, 
Saccheri and Leibniz i. 143-5: Aristotle’s 
requirements in, i. 146-50, exceptions 

I. 148 : should state cause or middle term 
and ho genetic i. 1 49-50: Aristotle on un- 
scientific definitions {Ik irporbpoiv) I. 
148-9: Euclidls definitions agree generally 
with Aristotle’s doctrine I. 146: inter- 
polated definitions i. 6t, 62 : definitions 
of technical terms in Aristotle and Heron, 
not in Euclid 1. 150 

De levi et ponderoso^ tract l. 18 
Demetrius Cydonius i. 72 
Democritus 1. 38 : “ On difference of gnomon ” 
etc. (?on “angle of contact”) ii. 40: on 
parallel and infinitely near sections of cone, 

II. 40, III. 368: stated, without proving, 
propositions about volumes of cone and 
pyramid, II. 40, lii. 366 ; was evidently 
on the track of the infinitesimal calculus 

III. 368 : treatise on irrationals (ttc/®! iiXbyiav 
ypafxfxwv Kal vaarQy l. 413, in. 4 

De Morgan, A. : I. 246, 260, 269, 284, 291, 
^98, 300, 309, 313, 314, 315, 369, 376, 
n- 5» 7i 9^10, II, 15, 20, 22, 29, 56^, 76-7, 
83, 101, 104, 116-9, i39» *45f 

197, 202, 217-8, 232, 233, 234, 272, 275 : 
on definition of ratio ii. 116-7: on ex- 
tension of meaning of ratio to cover 
incommensurables ii. 118: means of ex- 
pressing ratios between incommensurables 
by approximation to any extent li. 118-9: 
defence and explanation of v. Def. 5, ii. 
121-4: on necessity of proof that tests 
for greater and less, or greater and equal, 
ratios cannot coexist ii. 130-1, 157: on 
compound ratio ii. 132-3, 234: sketch of 
proof of existence of fourth proportional 
(assumed in v. 18) ii. 17 1; proposed 
lemma about duplicate ratios as alternative 
means of proving vi. 22, ii. 246-7: on 
Book X., III. 8 
Dercyllides ii. in 
Desargues i. 193 

Describe on {dvaypdqniv dir6) contrasted with 
construct i. 348 
De Zolt I. 328 
Diagonal (dtayi^i^cor) I. 185 
“Diagonal” numbers: see “Side-” and 
“diagonal-” numbers 
Diameter {didfurpot), of circle or parallelo- 
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gram l. 185: of sphere ill. 161, 369, 
370: as applied to figures generally 1.335; 
“ rational*^ and “irrational’* diameter of 
5 (Plato) I. 399, 413, taken from Pytha- 
goreans I. 399-400, HI. 13 
Dickson, L. E. 11. 436 
Diels, H. I. 413 

Dihedral angle = inclination of plane to plane, 
measured bv a plane angle iii. 364-5 
Dimensions (cf. $t(urrd<reis), I. 157, 158: 
Aristotle’? view of, I. 158-9, iii. 363-3, 
speaks of six iii. 363 
Dinostratus i. 117, 366 
Diocles i. 164 
Diodorus i. 303 

Diogenes Laertius i. 37, 305, 317, 351, in. 4 
Dionpius, friend of Heron, i. 31 
Diophantus i. 86 

Diorismus {diopi(Tfi 6 s) — {a) “definition” or 
“specification,” a formal division of a 
proposition i. 139: (^) condition of possi- 
bility l. 138 , determines how far solution 
possible and in how many ways i. 130-1, 
343 : diorismi said to have been discovered 
by Leon i. n6 ; revealed by analysis 
i. 143 : introduced by Jet Ji) i. 393 : first 
instances in Elements 1. 334, 393: for 
solution of quadratic ii. 359 
Dippe i. io8 

Direction, as primary notion, discussed i. 

179: direction-theory of parallels i. 191-3 
Discrete proportion, dijffnjfxipTi or Siej^evyfjilviti 
dpaXoylat in four terms, ii. 131, 393 
** Dissimilarly ordered** proportion {dvofiolun 
rerayfiivwv rwp Xdyuiv) in Archimedes 
^'‘'perturbed proportion” ii. 136 
Distance, Jtd(rri;/Aa : = radius i. 199: in 

Aristotle has usual general sense and 
= dimension i. 199 

Dividendo (of ratios) : see Separation, 
se^rando 

Division (method of), Plato’s i. 134 
Divisions {of figures), treatise by Euclid, i. 
8, 9: translated by Muhammad al-Bagdadi 
I. 8; found by Woepeke in Arabic i. 9, 
and by Dee in Latin translation I. 8, 9 : 
I. no: proposition from, ii. 5 
Dodecahearon : in sphere i. 41 1 : decomposi- 
tion of faces into elementary triangles ii. 
98: definition of, iii. 363: dodecahedra 
found, apparently dating from centuries 
before Pythagoras iii. 438, though said to 
have been discovered by Pythagoreans 
ibid,\ problem of inscribing in sphere, 
Euclid’s solution iii. 493, Pappus’ solution 
III. 501-3 

Dodgson, C. L. i. 194, 354, 361, 313, 11.48, 
a 75 

Dou, Jan Pieterszoon i. io8 
Duhamel, J. M. C. i. 139, 338 
Dulcamon, name for Eucl. i. 47, i. 416, 418 
Dupli^te ratio ii. 133 ; btwXaalufp, duplicate, 
distinct from JtirXdcriot, double ( = ratio 
a : i), though use of terms not uniform 
n. 133: “duplicate” of given ratio found 


by VI. II, II. 314: lemma on duplicate 
ratio as alternative to method of vi. 33 
(De Morgan and others) ii. 343-7 
Duplication of cube ; reduction of, by Hippo- 
crates, to problem of finding two mean 
proportionals i. 135, 11. 133: wrongly sup- 
posed to be alluded to in Timaeus 33 a, b, 
II. 394-5 «. 

Egyptians II. 113: knowledge of 3* + 4*= 5^, 
I. 353 : view of number ii. 380 
Eibe, Thyra I. 113 

Elefuga, name for Eucl. i. 5, i. 416-7 
Elements: pre-Euclidean Elements, by Hip- 
pocrates of Chios, Leon i. 116, Theudius 
I. 117: contributions to, by Eudoxus I. i, 
37, 11. 113 , III. 15, 365-6, 374, 441, The- 
aetetus i. i, 37, iii. 3, 438, Herinotimus of 
Colophon i. 1 17; Elements, ulti- 

mate aims of, i. 3, 115-6; commentators 
on, i. 1^45, Proclus i. 19, 39-45 and 
passim. Heron i. 30-4, an-Nairizi I. 31-4, 
Porphyry i. 34, Pappus i. 34-7, Sim- 
plicius I. 38, Aenaeas (Aigeias) i. 38: 
MSS. of, I. 46-51 : Theon’s changes in text 
I. 54-8: means of comparing Theonine 
with ante- Theonine text i. 51-3: inter- 
polations before Theon’s time i. 58-63: 
scholia I. 64-74 : external sources throw- 
ing light on text. Heron, Taurus, Sextus 
Empiricus, Proclus, lamblichus i. 63-3: 
Arabic translations (i) by al-Hajjaj l. 
75 . 76, 79. 80, 83-4, (3) by Ishaq and 
Thabit b. Qurra i. 75-80, 83-4, (3) Nasirad- 
dln at-Tusi i. 77-80, 84: Hebrew transla- 
tion by Moses b. Tibbon or Jakob b. 
Machir i. 76: Arabian versions compared 
with Greek text i. 79-83, with one another 
I. 83, 84 : translation by Boethius i. 93 : 
old translation of loth c. 1. 93 ; translations 
by Athelhard i. 93-6, Gherard of Cremona 
I. 93-4, Campanus i. 94-6, 97-100 etc., 
Zamberti i. 98-100, Comroandinus i. 104- 
5: introduction into England, loth c., 
I. 95 ; translation by Billingsley i. 109-10; 
Greek texts, editio princeps i. 100-1, 
Gregory’s i. 103-3, Peyrard’s i. 103, 
August’s I. 103, Heiberg’s passim \ trans- 
lations and editions generally I. 97-115: 
writers on Book x., ill. 8-9 : on the nature 
of elements (Proclus) i, 114-6, (Menaech- 
mus) i. 1 1 4, (Aristotle) i. 116: Proclus on 
advant^es of Euclid’s Elements i. 115; 
immediate recognition of, i. 116; first 
principles of, definitions, postulates, com- 
mon notions (axioms) i. 117-34: technical 
terms in connexion with, i. 135-43; no 
definitions of such technical terms i. 150; 
sections of Book i., i. 308 
Elinuam i. 95 

Engel and Stackel i. 319, 331 
Enriques, F. 1. 113, 157, 1^5, 193, 195, loi, 
313, II. 30, 136 

Enunciation {rphraois), one of formal di- 
visions of a proposition i. 139-30 
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Epicureans, objection to Eucl. i. 20, i. 41, 
187: Savile on, i. 187 
Equality, in sense different from that of 
congruence ( = “ equivalent,” Legendre) i. 
3a7-8: two senses of equnl (i) “divisibly- 
equal ” (Hilbert) or “ equivalent by sum ” 
(Amaldi), (2) “eaual in content’* ^Hilbert) 
or “equivalent by difference” (Amaldi) 

I. 3^8: modern dehnition of, i. 228 
Equimultiples; “any equimultiples what- 
ever,” IffdKii iroWawXdaia Kad' hiroiovodv 
iroWaTr\a<na(rfi 6 y ir. 120.* stereotyped 
phrase “other, chance, equimultiples’* 

II. I43“4: should include eac)i magni- 
tude II. 145 

Eratosthenes : i. i : contemporary with Ar- 
chimedes I. I, 2; Archimedes’ “Method” 
addressed to, iii. 366: measurement of 
obliquity of ecliptic (23° 51' 20”) ii. iii 
Errard, Jean, de Bar-le-Duc i. 108 
Erycinus i. 27, 290, 329 
Escribed circles of triangle ii. 85, 86-7 
Euclid: account of, in Proclus’ summary i. i: 
date I. 1-2 : allusions to, in Archimedes 
I. I : (according to Proclus) a Platonist 
I. 2 ; taught at Alexandria i. 2 : Pappus 
on personality of, i. 3: story of (in 
Stolmeus) I. 3: not “of Megara” i- 3, 4* 
supposed to have been born at Gela i. 4: 
Arabian traditions about, i. 4, 5 ; “of Tyre ” 
I. 4-6 : “ of Tus ” 1. 4, 5 : Arabian 

derivation of name (“key of geometry”) 
1.6: Elements^ ultimate aim of, i. 2, 115-6; 
other works, Conics i. 16, Pseudaria i. 7, 
Data I. 8, 132, 141, 385, 391, On divisions 
(of figures) I. 8, 9, Porisms I. 10-15, Sur- 
face-loci I. 15, 16, Phaenometta I. i6, 17, 
Optics I. 17, Elements of Music or Sectio 
Canonis I. 17, ii. 295; on “three- and 
four-line locus” i. 3 ; Arabian list of works 
I. 17, 18: bibliography i. 91-113 
Eudemus i. 29: On the Angle i. 34, 38, 
177-8: History of Geometry i. 34, 35-8, 
«78» «95. 304* 3i7» 320, 387, 412, II. 99, 
lit, III. 3, 366 

Eudoxus 1. 1, 37, 74, 1 16, II. 40, 99, 280, 295: 
di^overer of theory of proportion covering 
incommensurables as expounded generally 
in Bks. V., vi., i. 137, 351, n* <>« 

^Iden section I. 137: discoverer of method 
of exhaustion i. 234, iii. 365-6, 374: used 
“Axiom of Archimedes” lii. 15: first to 
prove theorems about volume of pyramid 
(Eucl. XII. 7 Por.) and cone (Eucl.xii. 10), 
also theorem of Eucl. xii. 2, ill. 15: 
theorems of Eucl. xiii. 1-5 probably due 
to, HI. 441 : inventor of a certain curve, 
the hippopede^ horse-fetter i. 163 : possibly 
wrote Sphaerica r. 17; iii. 442 
Euler, Leonhard i. 401, li. 426 
Eutocius: i. 25, 35, 39, 142* 164, 259, 

3*7* 329* 330» 3735 o** “VI- Def. 5 ” 
meaning of mjXiK&ntf ii. ri6, 132, 189-^: 
gives locus-theorem from Apollonius’ P/ane 
I^i II. 198-200 


Even (number) : definitions by Pyth^oreans 
and in Nicomachus ii. 281 : definitions of 
odd and even by one another unscientific 
(Aristotle) i. 148-9, ii. 281: Nicom. 
divides even into three classes (j) even- 
times even and (2) even-times odd as ex- 
tremes, and (3) odd-times even as interme- 
diate II. 282-3 

Even-times even ; Euclid’s use differs from 
use by Nicomachus, Theon of Smyrna and 
lamblichus ii. 281-2 

Even-times odd in Euclid different from even- 
odd of Nicomachus and the rest ii. 282-4 
Ex aequalif of ratios, II. 136; ex aequali pro- 
positions (v. 20, 22), and ex aequali “in 
perturbed proportion” (v. 21, 23) ii. 176-8 
Exhaustion, method of : discovered by 
Eudoxus I. 234, III. 365-6: evidence of 
Archimedes m. 365-6: iii. 374-7 
Exterior ocoA interior (oi angles) i. 263, 280 
Extreme and mean ratio (line cut in): defined, 
II. 188: known to Pythagoreans i. 403, 
II. 99, IIL 19 : irrationality of segments of 
{apotomes) iil. 19, 449-51 
Extremity^ Wpat, i. 182, 183 

Faifofer ii. 126 
Falk, H. i. 1 13 
al-Faradl i. 8«., 90 
Fauquembergue, E. II. 426 
Fermat il. 425, 426 

Figure^ as viewed by Plato I. 182, by Aris- 
totle I. 182-3, t>y Euclid 1. 183: according 
to Posidonius is confining boundary only i. 
41, 183 : figures bounded by two lines classi- 
fied I. 187 ; angle ~ less { dr ^ d 3 Viov ) fi ^\ xxt . I. 187 
Figures, printing of, i. 97 
Ethrtst I. 4^** 5 * 7 » ^ 4 * ^5» ^7 * hst 

of Euclid’s works in, i. 17, 18 
Finaeus, Orontius (Oronce Fine) i. loi, 104 
Flauti, Vincenzo i. 107 
Florence ms. Laurent, xxviii. 3 (F) i. 47 
Flussates, see Candalla 
Forcadel, Pierre i. 108 
Fourier: definition of plane based on Eucl. 

XI. 4, r. 173-4, III. 263 
Fourth proportional; assumption of existence 
of, in V. 18, and alternative methods for 
avoiding (Saccheri, De Morgan, Simson, 
Smith and Bryant) II. 170-4: Clavius made 
the assumption an axiom ii. 170: sketch of 
proof of assumption by De Morgan ii. 171: 
condition for existence of number which 
is a fourth proportional to three numbers 
11.409-11 

Francisci tunica^ “Franciscan’s cowl,” name 
for Eucl. I. 47, I. 418 
Frankland, W. B. i. 173, 199 
Frischauf, J. i. 174 

Galileo Galilei : on angle of contact il. 42 
Gartz I. 17 

Gauss I. 172, 193, ip4, 202, 219, 321 
Geminus: name Latin or Greek? i. 38-0: 
title of work (^XoxaXhi)' quoted from by 
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Proclus 1. 39, and by Schol., i. 74 : elements 
of astronomy l. 38: comm, on Posidonius 
I. 39: Proclus* obligations to, i. 39-41: on 
postulates and axioms 1. 1 22-3 : on theorems 
and problems i. 128 : two classifications of 
lines (or curves) i. 160-2: on homoeomeric 
{uniform) lines i. 162: on “mixed** lines 
(curves) and surfaces i. 162: classification 
of surfaces I. 170, of angles i. 178-9: on 
parallels i. 191 : on Postulate 4, i. 200: on 
stages of proof of theorem of i. 32, i. 317- 
20: I. 27-8, 37, 44, 45, 74, 133 203, 

Geometrical algebra i. 372-4: Euclid’s me- 
thod in Book II. evidently the classical 
method i. 373 : preferable to semi-alge- 
braical method i. 377-8 
Geometrical progression 11. 346 sqq. : sum- 
mation of n terms of (ix. 35) ii. 420-1 
Geometric means ii. 357 sqq. : one mean 
between square numl^rs ii. 294, 363, or be- 
tween similar plane numbers ii. 37 1-2 : two 
means bet ween cube numbers ii. 294, 364-5, 
or between similar solid numbers ll. 373-5 
Georgius Pachymeres I. 417 
Gherard of Cremona, translator of Elements 
I. 93-4 : of an-Nairlzi’s commentary 1. 22, 
27«., 94, II. 47 : of tract De divisionibus 
I. 9, 10 «. 

Giordano, Vitale I. 106, 176 
Given^ dedo/ilvost different senses, i. 132-3 
Gnomon : literally “that enabling (something) 
to be knoTJtm’^' I. 64, 370: successive senses 
of, (i) upright marker of sundial, I. 181, 
*85, 271-2, introduced into Greece by 
Anaximander i. 370, (2) carpenter’s square 
for drawing right angles i. 371, (3) figure 
placed round square to make larger square 
35 37 Indian use of gnomon in this 

sense l. 362, (4) use extended by Euclid to 
parallelograms i. 371, (5) by Heron and 
Theon to any figures i. 371-2 ; Euclid’s 
method of denoting in figure i. 383 : arith- 
metical use of, I. 358-60, 371, II. 289 
“Gnomon-wise” (xaro 7i't6/iAoi'a), old name 
for perpendicular (xd^eros) i. 36, 181, 272 
Gorland, A. i. 233, 234 
Golden section (section in extreme and mean 
ratio), discovered by Pythagoreans i. 137, 
403, II. 99 : connexion with theory of irra- 
tionals I. 137, III. 19 : theory carried further 
by Plato and Eudoxus ii. 99 : theorems of 
Eucl. XIII. 1-5 on, probably due to Eu- 
doxus III. 441 

“ Goose’s foot ” (pes anseris), name for Eucl. 

III. 7, I. 99, 418 
Gow, James i. 135 «• 

Gracilis, Stephanus i. 101-2 
Grandi, Guido i. 107 

Greater ratio : Euclid’s criterion not the only 
one II. 130 : arguments from greater to less 
ratios etc. unsafe unless they go back to 
original definitions (Simson on v. 10) li. 
156-7 : test for, cannot coexist with test 
for equal or less ratio ii. 130-1 


Greatest common measure : Euclid’s method 
of finding corresponds exactly to ours ii. 
1 18, 299, III. 18, 21-2: Nicomachus gives 
the same method ii. 300 : method used to 
prove incommensurability ill. 18-9; for 
this purpose often unnecessary to carry it 
far (cases of extreme and mean ratio and 
of J2) III. 18-9 

Greenhill, Sir George, i. 415, 418 
Gregory, David i. 102-3, 143, ill. 32 

Gregory of St Vincent i. 401, 404 
Gromatici I. 9i«., 95 
Grynaeus i. loo-i 

Habler, Th. ii. 294 ». 
al-Haitham i. 88, 89 

al-Hajjaj b. Yusuf b. Matar, translator of the 
Elements i. 22, 75, 76, *79, 80, 83, 84 
Halifax, William i. 108, 110 
Halliwell (-Phillips) i. 95 «. 

Hankel, H. i. 139, 141, ,3,, 134, 344, 354, 
II. 1 16, 1 1 7, III. 8 

Harmonica of Ptolemy, Comm, on, i. 17 
Harmony i Introduction tOy not by Euclid, i. 
»7 

Harun ar-RashId i. 75 

al-Hasan b. 'Ubaidallah b. Sulaiman b. 

Wahb I. 87 
Hauber, C. F. ii. 244 
Hauff, J. K. F. I. 108 
“ Heavy and Light,” tract on, i. 18 
Heiberg, J. L. passim 
Helix, cylindrical i. 161, 162, 329, 330 
Helmholtz i. 226, 227 
Henrici and Treutlein 1. 313, 404, ii. 30 
Henrion, Denis I. 108 
Herigone, Pierre i. 108 
Herlin, Christian i. 100 
Hermotimus of Colophon i. i, 117 
Herodotus i. 37«., 370 
“Heromides” i. 158 

Heron of Alexandria, mechanicusy date of, 

I. 20-1 : Heron and Vitruvius i. 20-1; 
commentary on Euclid’s Elements i. 20-4 : 
direct proof of i. 25, i. 301 : comparison 
of areas of triangles in i. 24, i. 334-5 : 
addition to i. 47, i. 366-8: apparently 
originated semi-algebraical method of 
proving theorems of Book ii., i. 373, 378 : 
Eucl. HI. 12 interpolated from, ii. 28: 
extends iii. 20, 21 to angles in segments 
less than semicircles ii. 47-8 : does not 
recognise angles equal to or greater than two 
right angles ii. 47-8 : proof of formula for 
area of triangle, s{s - a) {s - b) (.f^ f) , 

II. 87-8: I. 137 159, 163, 168, 170; 
171-2, 176, 183, 184, 185, 188, 189, 222, 

243, 253, 285, 287, 299, 351, 369, 
37 L 405, 4071 408, II. 5, 16-7, 24, 28, 
33 » 301 44» 47 » 48, 116, 180, 302, 320, 
383* 395» III. 24, 263, 265, 267, 268, 269, 
270, 366, 404, 442 
Heron, Proclus’ instructor i. 29 
“Herundes” i. 156 
Hieronymus of Rhodes i. 305 
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Hilbert, D. i. 157, 193, «oi, *49» 

^13» 

Hipparchus i. 4W., 20, 30«., 74 
Hippasus I. 41 1, II. 97, in. 43® 

Hippias of Elis i. 42, 265-6, 413 
Hippocrates of Chios I. 8 29, 35, 38, iiO, 

I35» I3<5 »•,. 3®6-7» 413.. II- 133 V first 
proved that circles (and similar segments of 
circles) arc to one another jCi the squares 
on their diameters iii, 366, 374 
Hippo^de (finrou a certain curve used 

by Eudoxus i. 162-3, *7^ 

Hoffmann, Heinrich i. 107 
Hoffmann, Joh. Jos. Ign. i. 108, 365 
Holgate, T. F. in. 284, 303, 331 
Holtzmann, Wilhelm (Xylander) i. 107 
Homoeomeric (uniform) lines i. 40, 161, 162 
Hornlike angle (KeparoeiSijf yiavia) l. 177, 
178, 182, 265, II. 4, 39, 40: hornlike angle 
and angle of semicircle, controversies on, 
II. 39-42 : Proclus on, m 39-40 : Demo- 
critus may have written on hornlike angle 
II. 40 : view of Campanus (“not angles in 
same sense**) ii. 41 : of Cardano 
of different orders or kinds) : of Peletier 
(hornlike angle no angle, no quantity, 
nothing ; angles of all semicircles right 
angles and equal) ii. 41 : of Clavius ii. 42 : 
of vieta and Galileo (“angle of contact no 
angle**) ii. 42 : of Wallis (angle of contact 
not inclination at all but degree of curvature) 
II. 42 

Horsley, Samuel i. 106 
Hoiiel, J. I. 219 
Hudson, John i. 102 

Hultsch, F. i. i7«., 74, 329, 400, II. 133, 
190, III. 4 ' 

fjunain b. Ishaq al ‘Ibadi i. 7^ 
Hypotheses, in Plato l. 122 ; in Aristotle 
I. 118-20: confused by Proclus with 
dehnitions i. 12 1-2 : geometer’s hypo- 
theses not false (Aristotle) i. 119 
Hypothetical construction i. 199 
Hypsicles i. 5 ; author of Book xiv. i. 5, 6, 
HI. 43®-i^» 51* 

lamblichus i, 63, 83, 417, ii. 97, 116, 279, 
280, 281, 283, 284, 285, 286, 287, 288, 289, 
290, 291, 292, 293, 419, 425, 426 
Ibn al-*Amid i. 86 
Ibn abHaithani i. 88, 89 
Iba al-LubudI i. 90 
Ibn Rihawaihi al-Atjan! 1. 86 
Ibn Sina (Avicenna) i. 77, 89 
Icosahedron ii. 98; defined ill. 262: dis- 
covery of, attributed to Theaetetus iii. 
438 : problem of inscribing in sphere, 
Euclid^ solution ill. 481-9, Pappus’ solu- 
tion HI. 489-91 : Mr H. M. Taylor’s con- 
struction III. 491-2 
**I0aton” I. 88 

Inclination (xM<rif) of straight line to plane, 
defined lii. 260, 263-4 : of plane to plane 
(sdihedral angle) ill. 260, 264 
Incommensurables ; discovered by Pytha- 


goreans HI. I, 2, 3, and with reference 
to ^2, I. 35 1, III. 1,2, 19 : incommensur- 
able a ncduralYxn^^ unlike irrational which 
depends on convention or assumption 
(Pythagoreans) iii. i : proof of incommen- 
surability of »J2 no doubt Pythagorean ill. 
2, proof in Chiystal’s Algebra iii. 19-20 : 
incommensurable in length and incommen- 
surable in square defined HI. 10, ir : 
symbols for, used in notes iii. 34: method 
of testing incommensurability (process of 
finding G.c.M.) ii. 118, Hi. i8-p ; means 
of expression consist in power of approxi- 
mation without limit (De Morgan) li. 119; 
approximations to by means of side^ 
diagonal-numbtt% i. 399-401, il. 119, 
by means of sexagesimal fraction s i. 74 «., 
lo sJZy I- 74»*. II- 119- lo v^4500 by 
means of sexagesimal fractions 11. 119 : to 
TT, II. 119 

Incomposite : (of lines) I. 160-1, (of surfaces) 

I. 170: (of number) = prime ii. 284 

Indivisible lines [drofioi ypajs^fuil), theory of, 

rebutted i. 268 

Infinite, Aristotle on the, i. 232-4 : infinite 
division not assumed, but proved, by geo- 
meters I. 268 

Infinity, parallels meeting at, I. 192-3 
Ingrami, G. I. 175, 193, i95» ^01 > 

II. 30, 126 

Integral calculus, in new fragment of Archi- 
medes III. 366-7 

Interior and exterior (of angles) I. 263, 280 : 
interior and opposite angle i. 280 

Interpolations in the Elements before Theon’s 
time 1. 58-63 : by Theon i. 46, 55-6 : Eucl. 

I. 40 interpolated i. 338 : other proposi- 
tions interpolated, (ill. 12) 11. 28, (propo- 
sition after xi. 37) Hi. 360, (xiii. 6) III. 
449-51 : cases in XI. 23, Hi. 319-21 : 
defs. of analysis and synthesis, and proofs 
of XIII. 1-5 by, HI. 442-3 

Inverse (ratio), inversely (drdiraXtv) H. 134 ; 
inversion is subject of v. 4, Por. (Theon) 

II. 144, and of V. 7, Por. ii. 149, but is 
not properly put in either place II. 149 : 
Simson’s Prop. B on, directly deducible 
from V. Def. .5, li. 144 

Irrational: discovered by Pythagoreans i. 
351, 411, 412-3, III. 1-2, 3, and with 
reference to ^2, i. 351, 11 1. i, 2, 19: de- 
pends on assumption or convention, unlike 
incommensurable which is a natural kind 
(Pythagoreans) ill. i : claim of India to 
priority of discovery i. 363-4 ; “irrational 
diameter of 5 ** (Pythagoreans and Plato) 
I. 399-400, 413, HI. 12: approximation to 
^2 by means of “side-” and “diagonal-” 
numbers i. 399-401, H..ii 9 , to J2 and 
^’3 in sexagesimal fractions i. 74«. : In- 
dian approximation to V** 
unord^ed irrationals (Apollonius) i. 42, 
1 15, HI. 3, 10, 246, 255-9: irrational 
ratio (dpfnirot \6yo$) l. 137 : an irrational 
straight line is so relatively to an}f straigh* 
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lint taken as rational iii. to, i i : irrational 
area incommensurable with rational area 
or square On rational straight line iii. lo, 
12 : Euclid’s irrationals, object of classifi- 
cation of, III. 4, 5 : Book x. a repository 
of results of solution of different types of 
quadratic and biquadratic equations ill. 5 : 
types of equations of which Euclid’s irra- 
tionals are positive roots iii. 5-7 : actual 
use of Euclid’s irrationals in Greek geo- 
metry in. 9~io: compound irrationals in 
Book X. all different iii. 242-3 
Isaacus Monachus (or Argyrus) i. 73-4, 407 
Ishaq b. Hunain b. Ishaq al-'Ibadi, Abu 
Ya’qub, translation of Elements by, i. 75- 
80, 83-4 

Isidorus of Miletus ill. 520 
Ismail b. Bulbul i. 88 
Isoperimeiric (or isometric) figures : Pappus 
and Zenodorus on, i. 26, 27, 333 
Isosceles (l<To<rK€\iis) i. 187 : of numbers ( = 
even) i. 188; isosceles right-angled tri- 
angle 1. 352 : isosceles triangle of iv. 10, 
construction of, due to Pythagoreans i. 
414, II. 97-9 

Jacobi, C. F. A. ii. 188 
Jakob b. Machir i. 76 
Jan, C. I. 17 

al-Jauhari, al- Abbas b. Sa’id i. 85 
al-JayyM i. 90 
Joannes Pediasimus i. 72-3 
Johannes of Palermo iii. 8 
Junge, G., on attribution of theorem of i. 47 
and discovery of irrationals to Pythagoras 

I. 351. 413 

Kastner, A. G. i, 78, 97, 10 1 
al-Karabisi i. 85 
Katyayana ^ulba-Sutra i. 360 
Keill, John i. 105, iio-ir 
Kepler i. 193 

al-Khazin, Abu Ja’far i. 77, 85 
Killing, W. I. 194, 219, 225-6, 235, 242, 
272, III. 276 
al-Kindi i. 5«., 86 
Klamroth, M. i. 75-8^ 

Klau (?), Christoph = Clavius ^.v. 

Klugel, G. S. I. 212 
Kluge III. 520 
Knesa, Jakob i. 112 
Knoche i. 32«., 33;/., 73 
Kroll, W. I. 399-400 
al-Kuhi I. 88 

Lachlan, R. ii. 226, 227, 245-6, 247, 256, 272 
Lambert, J. H. i. 212-3 
Lardner, Dionysius i. 112, 246, 250, 298, 
404, II. 58, 259, 271 
Lascaris, Constantinus 3 

theorems (as distinct (lom converse) i. 
257 ; leading' WAxiety of conversion i. 256-7 
Least common multiple ii. 336-41 
Leeke, Johti i. 110 
Leftvre, Jacques i. 100 


Legendre, Adrien Marie i. 112, 169, 213-9, 
II. 30, in. 263, 264, 265, 266, 267, 268, 
*73» «75i 309» 35^, 436 : proves vi. i 

and similar propositions in two parts (i) for 
commensurables, (2) for incommensurables 
II. 193-4: proof of Eucl. XI. 4, III. 280, 
of XI. 6, 8, III. 284, 289, of XI. 15, III. 
299, of XI. 19, III. 305 j definition of 
planes at right angles III. 303: alternative 
proofs of theorems relating to prisms ill. 
331-3 : on equivalent parallelepipeds III. 
335-6 : proof of Eucl. xii. 2, ill. 377-8 : 
propositions on volumes of pyramids ill. 
389-91, of cylinders and cones ill. 422-3 
Leibniz i. 145, 169, 176, 194 
Leiden ms. 399, i of al-Hajjaj and an- 
NairizT i. 22, 27 79 «. 

Lemma i. 114: meaning (= assumption) i. 
133-4: lemmas interpolated i. 59-60, 
especially from Pappus I. 67 : lemma 
assumed in vi. 22, ii. 242-3 : alternative 
propositions on duplicate ratios and ratios 
of which they are duplicate (De Morgan 
and others) ii. 242-7 : lemmas interpo- 
lated, (after x. 9) iii. 30-1, (after x. 59) iii. 
97, 1 3 1-2 : lemmas suspected, (those added 
to X. i 8 , 23) III. 48, (that after xii. 2) 
375» (fkat after xiii. 2) ill. 444-5 
Length, /u^aos (of numbers in one dimension) 
II. 287 : Plato restricts term to side of 
integral square number II. 287 
Leodamas of Thasos i. 36, 134 
Leon I. 1 16 

Leonardo of Pisa i. 9;^., 10, ill. 8 
Leotaud, Vincent ii. 42 
Leucippus I. 413 
Linderup, H. C. i. 113 
Line: Platonic definition i. 158: objection 
of Aristotle i. i.<8: “ magnitude extended 
one way” (Aristotle, “Heromides”) i. 
158: “divisible or continuous one way” 
(Aristotle) i. 158-9: “flux of point” i. 
159: Apollonius on, I. 159: classification 
of lines, Plato and Aristotle i. 159-60, 
Heron I. 159-60, Geminus, first classifica- 
tion I. 1 60- 1, second i. 16 1 : straight 
(e^^cZa), curved (ao/utti/Xt;), circular (irept^c- 
pi)s), spiral-shaped (^XiKociSijs), bent (»ce>ca/*- 
broken {K€K\a(Tfiivrj)t round (to 
ffrpoyyjiXov) I. 159, composite (cr^pderos), 
incomposite (d<r| 5 >'^cros), “ forming a figure ” 
(o’X’iMciToa'otoOffa), determinate ((ipt<r/^vi7), 
indeterminate (ddpKrros) i. 160: “asym- 
ptotic” or non-secant (d(riJ/iTrwros), secant 
(avpLTTTtaTbi) I. 161 : simple, “mixed” I. 
161-2: homoeomeric (uniform) i. 161-2: 
Proclus on lines without extremities i. 165 : 
loci on lines i. 329, 330 
Linear^ loci i. 330 : problems I. 330 : num- 
bers=(i) in one dimension ii. 287, (2) 
prime ii. 285 

Lionardo da Vinci, proof of i. 47, i. 365-6 
Lippert i. 88 

Lobachewsky, N. I. i. 174-5, ^J^ 3 » ^^9 
LocuS‘theorems (roirtxd Befapifp.aTa) and loci 
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(r^Tot) : locus defined by Proclus i. 329: 
loci likened by Chrysippus to Platonic 
ideas i. 330-1 : locus- theorems and loci 
(i) on lines {2i) plane \oc\ (straight lines and 
circles) (b) solid loci (conics), (2) on sur- 
faces I. 329 : corresponding distinction be- 
tween plane and solid problems, to which 
Pappus adds linear problems i. 330 : fur- 
ther distinction in Pappus between (i) 
l<f>€KTlKOl (2) dlC^odlKOl (3) 6 .Va<fTpO<f>LKOl 
rbwoi I. 330 : Proclus regards locus in 
I. 35, III. 21, 31 as an area which is locus 
of area (parallelogram or triangle) i- 330 
Logical conversion, distinct from geometrical 
I. 256 

Logical deductions i. 256, 284-5, 300: not 
made by Euclid ii. 22, 29 : logical equi- 
valents I. 309, 314-5 
Lorenz, J. F. i. 107-8, ill. 34 
Loria, Gino i. 7 io«., iiw., i2«., ii. 
425, III. 8, 9 

Luca Paciuolo i. 98-9, 100, 418, iii. 8 
Lucas, £. I. 4(8, II. 426 
Lucian ii. 90 

Lundgren, F. A. A. i. 113 

Machir, Jakob b. i. 76 

Magni, Domenico i. 106 

Magnitude : common definition vicious i. 148 

al-Mahani i. 85 

Major (irrational) straight line : biquadratic 
of which it is positive root iii. 7: defined 
III. 87-8 : equivalent to square root of 
fourth binomial iii. 84, 125-7 • uniquely 
divided ill. ^8 : extension of meaning to 
irrational straight line of three terms III. 258 
al-Ma’mun, Caliph i. 75 
Manitius, C. 1. 38 
Mansion, P. i. 219 
al-Mansur, Caliph i. 75 
Manuscripts of Elements i. 46-51 
“Marriage, Figure of” (Plutarch), name for 
Pythagorean triangle (3, 4, 5), i. 417 
Martianus Capella i. 91, 155 
Martin, T. H. i. 20, 29/f., 30 «. 

Mas'ud b. al-Qass al-Bagdadi i. 90 
Maximus Planudes, scholia and lectures on 
Elements l. 72 

Means : three kinds, arithmetic, geometric 
and harmonic ii. 292-3 : geometric mean 
is “proportion par excellence^' (Kvplm) ll. 
292-3 : one geometric mean between two 
square numbers, two between two cube 
numbers (Plato) ii. 294, 363-5 : one geo- 
metric mean between similar plane num- 
bers, two between similar solid numbers 
Syt-S* *10 numerical geometric mean 
between n and n + i (Archytas and Euclid) 

II. 295 

Medial (straight line) : connected by Theae- 
tetus with geometric mean ill. 3, 4 : defined 

III. 49, 50 : medial areaiii. 54-5 : an un- 
limited number of irrationals can be de- 
rived from medial straight line, in. 254-5 

Me^uar=SLxis i. 93 


Mehler, F. G. i. 4O4, III. 268, 284-5 
Menaechmus : story of M. and Alexander I. 

i : on elements i. 114:1. 117, 125, i33«* 
Menelausi. 21, 23: direct proof of i. 25, i. 300 
Menge, H. i. i6«., 17 
Middle term, or cause, in geometry, illus- 
trated by Eucl. III. 31, i. 149 
Mill, J. S. I. 144 

Minor (irrational) straight line : biquadratic 
of which it is root III. 7: defined iii. 
163-4; uniquely formed III. 172-3; equi- 
valent to square root of fourth apotome 
III. 203-6 

“ Mixed ” (lines) i. 161-2 : (surfaces) 1. 162, 
170: different meanings of “mixed” i. 162 
Mocenigo, Prince i. 97-8 
Moderatus, a Pythagorean ii. 280 
Mollweide, C. B. i. 108 
Mondor^ (Montaureus), Pierre i. 102 
Moses b. Tibbon i. 76 
Motion, in mathematics i. 226 ; motion with- 
out deformation considered by Helmholtz 
necessary to geometry l. 226-7, ^ut shown 
by Veronese to be petitio principii l. 226-7 
Muller, J. H. T. i. 189 
Muller, J. W. i. 365 

Muhammad (b. ' Abdalbaqi) al-Bagdadi, trans- 
lator of De divisionibus i. 8«., 90, no 
Muh. b. Ahmad Abu *r-Raihan al-Biruni i. 90 
Muh. b. Ashraf Shamsaddin as-Samarqandl 
I. 89 

Muh. b. *lsa Abu 'Abdallah al-Mahani i. 85 
Multinomial (straight line) ; an extension 
from binomial^ probably investigated by 
Apollonius, III. 256 
Multiplication, definition of, ii. 287 
Munich ms. of enunciations (R) i. 94-5 
Musa b. Muh. b. Mahmud Q^izadear-Rumi 
I. 5«., 90 

Music, Elements of (Sectio Canonis)^ attri- 
buted to Euclid, I. 17, II. 295, III. 33 
al-Musta'sim, Caliph i. 90 
al-Mutawakkil, Caliph i. 75 

an-Nairizi, Abu ’ 1 ’ Abbas al-Fadl b. Hatim, 
I. 21-4, 85, 184, 190, 191, 195, 223, 232, 
258, 270, 285, 299, 303, 326, 364, 367, 
369, 373 » 405, 408, II. 5 » 16, 28, 34, 36, 
44, 47, 302, 320, 383 
Napoleon i. 103 

Nasiraddin at-Tusi i. 4, 5/1., 77, 84, 89, 
208-10, II. 28 

Nazif b. Yumn (Yaman) al-Qass i. 76, 77, 87 
Neide, J. G. C. i. 103 
Nesselmann, G. H. F. ii. 287, 293, iii. 8 
Nicomachus i. 92, 417, ii. 116, 119, 131, 
279, 280, 281, 282, 283, 284, 285, 286, 
287, 288, 289, 290, 291, 292, 293, 294, 
300» 363. 4«5 

Nicomedes i. 42, 160-1, 265-6 
Nipsus, Marcus Junius i. 305 
Nixon, R. C. J. Ii. 16 
Nominal and real definitions : see Definitions 
Number : defined by Thales, Eudoxus, 
Moderatus, Aristotle, Euclid 11. 280 ; 



GENERAL INDEX 


539 


Nicomachus and latnblichus on, ii. a8o : 
represented by lines ii. -287, and by points 
or dots II. 288-9 

“Nuptial Number’* = Plato’s Geometrical 
Number in Republic^ i. 417 


Objection {ivcrcurii), technical term, in geo- 
metry I. 135, 257, 260, 265 ; in logic 
(Aristotle) i. 135 

Oblong: (of geometrical figure) i. 62, 151, 
188 : (of number) in Plato either irpo/tiJxTys 
or irepoiJ.'fiKrii ii. 288 : but these terms 
denote two distinct divisions of plane num- 
bers in Nicomachus, Theon of Smyrna and 
lamblichus ii. 289-90 

Octahedron ii. 98 : definition of, iii. 262 : 
discovery of, attributed to Theaetetus ill. 
438: problem of inscribing in sphere, 
Euclid’s solution ill. 474-7, Pappus’ solu- 
tion III. 477 

Odd (number) : defs. of in Nicomachus ii. 
281 : Pythagorean definition if. 281 : def. 
of odd and even by one another unscientific 
(Aristotle) i. 148-9, II. 281 : Nicom. and 
Iambi, distinguish three classes of odd 
numbers (i) prime and incomposite, 

(2) secondary and composite, as extremes, 

(3) secondary and composite in themselves 
but prime and incomposite to one another, 
which is intermediate ii. 287 

Odd-times even (number): definition in Eucl. 
spurious II. ^83-4, and differs from defi- 
nitions by Nicomachus etc. ibid. 

Odd-times odd (number): defined in Eucl. 
but not in Nicom. and Iambi, ii. 284: 
Theon of Smyrna applies term to prime 
numbers ii. 284 

Oenopides of Chios i. 34, 36, 126, 271, 295, 
371, 414, II. Ill 

Ofterdinger, L. F. i. 9 

Olympiodorus i. 29 

Oppermann i. 15 1 

Optics of Euclid i. 17 

“Ordered” proportion (reray/x^vri b,va\oyLa)t 
interpolated definition of, ii. 137 

Oresme, N. i. 97 

Orontius Finaeus (Oronce Fine) i. loi, 104 

Ozanam, Jaques 1. 107, 108 


Paciuolo, Luca i. 98-9, 100, 418, ill. 8 
Painphile i. 317, 319 

Pappus: contrasts Euclid and Apollonius 
1. 3: on Euclid’s Porisms 1 . 10-14, Surface- 
loci i. 15, 16, Data I. 8: on Treasury of 
Analysis i. 8, 10, ii, 138: commentai^ 
on Elements i. 24-7, partly preserved in 
scholia i. 66: evidence of scholia as to 
Pappus’ text I. 66-7: commentary on 
Book X. survives in Arabic iii. 3: quo- 
tations from it, in. 3-4, 255-9: lemmas 
in Book x. interpolated from, 1. 67: on 
Analysis and Synthesis I. 138-9, 141-2; 
additional axioms by, 1. 25, 223, 224, 232: 
on converse of Post. 4, i. 25, 201 : proof 
of i. 5 by, I. 254: extension of I. 47, i. 366; 


semi-algebraical methods in, i. 373, 378: 
on loci I. 329, 330: on conchoids i. 161, 
266 : on quadratrix I. 266 : on isoperi- 
metric figures i. 26, 27, 333: on paradoxes 
of Erycinus I. 27, 290: lemma on Apollo- 
nius’ Plane yeboeis ii. 64-5 : problem from 
same work 11. 81 : assumes case of vi. 3 
where external angle bisected (Simson’s 
VI. Prop. A) II. 197; theorem from Apol- 
lonius’ Plane Loci ii. 198: theorem that 
ratio compounded of ratios of sides (of 
equiangular parallelograms) is equal to 
ratio of rectangles contained by sides ii. 
250: use of Euclid’s irrationals iii. 9, 10: 
methods of inscribing regular solids in 
sphere, tetrahedron III. 472-3, octahedron 
HI. 477, cube iii. 480, icosahedron iii. 
489-91, dodecahedron ill. 501-3: i. 20, 
39 » M 3 »*. i 37 » 1.51, 388, 391, 401: 

II. 4, 27, 29, 67, 79, 81, 113, 133, 211, 
250, 251, 292 

Papyrus, Herculanensis No. io6i, i. 50, 
184: Oxyrhynchus i. 50: Fayum i. 51, 
337i 338: Rhind 1. 304, 352 
Paradoxes, in geometry i. 188: of Erycinus 
I. 27, 290, 329: an ancient “Budget of 
Paradoxes” i. 329 

“ Parallelepupedal ” = with parallel planes or 
faces: “ parallelepipedal solid” (not “solid 
parallelepiped ”) or “ parallelepiped ” ill. 
326: generally has six faces but sometimes 
more (“ parallelepipedal prism”) iii. 401, 
404: “parallelepipedal” (solid) numbers 
in Nicomachus have two of sides differing 
by unity ii. 290 

Parallelogram (=parallelogrammic area), first 
introduced i. 325: rectangular parallelo- 
gram i. 370 

Parallels: Aristotle, on I. 190, 191-2: defi- 
nitions, by “Aganis” i. 191, Geminus I. 
191, Posidonius i. 190, Simplicius i. 190: 
as equi-distants i. 190-1, 194; direction- 
theo^ of, I. 191-2, 194: definitions 
classified i. 192-4 : Veronese’s definition 
and postulate i. 194: Parallel Postulate, 
see Postulate 5 : Legendre’s attempt to 
establish theory of, i. 213-9: parallel 
planes, definition of, iii. 260, 265 
Paris MSS. of ElementSy (p) i. 49, (q) i. 50 
Pasch, M. I. 157, 228, 250 
“ Peacock’s tail,” name for Eucl. iii. 8, i. 99, 
418 

Pediasimus, Joannes i. 72-3 
Peet, T. Enc i. 352 
Peithon i. 203 

Peletarius (Jacques Peletier) i. 103, 104, 249, 
407, n. 47, 56, 84, 146, 190: on angle of 
contact and angle semicircle 11. 41 
Pena I. 104 

Pentagon: decomposition of regular pentagon 
into 30 elementary triangles ii. 98: relation 
to pentagram 11. 99 
Pentagonal numbers ii. 289 
“Perfect” (of a class of numbers) ii. 293-4, 
421-6; Pythagoreans applied term to 10, 
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II. 294: 3 also called “perfect** i, 417, ii. 
294 

Perpendicular (Kdderos): definition I. 18 1: 
“ plane ’’ and solid ’’ i. 272 ; perpendi- 
cular and obliques i. 291: perpendicular to 
plane, lii. 260, 263: perpendicular to two 
straight lines not in one plane iii. 306-7 
Perseus i. 42, 162-3 

Perturbed ^oportion (TerapayfUvTi dpaXoyla) 
II. 136, 176-7 

Pesch, J. G. van, De Procli fontibus l. a3sqq., 
29 n. 

Petrus Montaureus (Pierre Mondor^) i. 102 
Peyrard and Vatican MS. 190 (P) i. 46, 47, 
103: i. 108 

Pfleiderer, C. F. i. 168, 298, ii. 2 
Phaenomena of Euclid i. 16, 17 
Philippus of Medma i. i, 116 
Phillips, George i. 112 
Philo of Byzantium i. 20, 23 : proof of i. 8, 
I. 263-4 

Philolaus I. 34, 35f, 371, 399, 41 1 
Philoponus i. 45, 191-2, li. 234, 282 
Pirckenstein, A. E. Burkh. von, i. 107 
Plane (or plane surface) : Plato’s definition 
of, I. 171, III. 272-3: Proclus* and Sim- 
plicius’ interpretation of Euclid’s def. i. 
171: possible origin of Euclid’s def. I. 171 : 
Archimedes* assumption 1. 171, 172: other 
ancient definitions of, in Proclus, Heron, 
Theon of Smyrna, an-Nairfzi i. 17 1-2; 
“Simson*s** definition (“axiom of the 
plane”) i. 172-3, ill. 273, and Gauss 
on, I. 172-3: Crelle’s tract on, i. 172-4: 
other definitions by Fourier i, 173, Deahna 

I. 174, J. K. Becker i. 174, Leibniz 1. 176, 
Beez 1. 176: evolution of, by Bolyai and 
Lobachewsky i. 1 74-5 : Enriques and 
Amaldi, Ingrami, Veronese and Hilbert 
on, i. 175 : plane at right angles to plane, 
Euclid’s definition of, ill. 260, 263, and 
alternative definition making it a particular 
case of “inclination*’ iii, 303-4: parallel 
planes defined iii. 260, 265 

“Plane loci” i. *339-30; Plane Loci of Apol- 
lonius I. 14, 259, 330, II. 198-200 
Plane numbers, pr^uct of two factors 
(“sides” or “length” and “breadth”) Ii. 
287-8: in Plato either square or oblong 

II. 287-8: similar plane numbers ii. 293; 
one mean proportional between similar 
plane numbers ii. 371-2 

“Plane problems” i. 329 
Planudes, Maximus i. 72 
Plato: I. I, 2, 3, 137, 155-6, 159, 184, 187, 
203, 221, 411, 417, HI. I, 3; supposed 
invention of Analysis by, i. 134; def. of 
straight line 1. 165-6: def. of plane surface 
I. 171 ; on golden sectiofi ii. 99: on art of 
stereometry (length, breadth, and depth) 
as one of three /j^aOi^fiara, next to geometry 
but commonly put after astronomy because 
little advanced lii. 262 : generation of 
cosmic figures by putting together triangles, 
I. 226, 413-4, II. 97-’8, III. 267: rule for 


rational right-angled triangles i. 356, 357, 
359» 385 • ” rational diameter of 5 ” 

399» 4*3» gives 7/5 as approximation 
to ij2t II. 1 19: passage of Theaetetus on 
bvvdixcis (square roots or surds) 1.4x1,41 2-3 , 

II. 288, 290, HI. 1-3; on square and oblong 
numbers ii. 288, 290; theorem that between 
square numbers one mean suffices, between 
cube numbers two means are necessary ii. 
294, 364 

“Platonic” figures I. 2, 413-4: scholium on, 

III. 438 

Playfair, John i. 103, in: “Playfair’s” 
Axiom I. 220: used to prove Eucl. 1. 29, 
1. 3 12, and Eucl. Post. 5, 1. 313: comparison 
of Axiom with Post. 5, I. 313-4: ii- 2 
Pliny I. 333 

Plutarch i. 29, 37, 177, 343, 351, 417, II. 98, 
254, III. 368 

Point; Pythagorean definition of, i. 155: in- 
terpretation of Euclid’s definition i. 155: 
Plato’s view of, and Aristotle’s criticism 
I* i. 65“6; attributes of, according to Aris- 
totle I. 156: terms for (<rrt7/xij, (ryuj.uop) 

I. 1.56 : other definitions by “ Herundes,” 
Posidonius I., 156, Simplicius i. 157: ne- 
gative character of Euclid’s def. I. 156 : is 
it sufficient? i. 156: motion of, produces 
line i. 157: an-Nairlzi on, I. 157: modern 
explanations by abstraction i. 157 

Polybius I. 331 

Polygon: sum of interior angles (Proclus* 
proof) I. 322 : sum of exterior angles i. 322 
Polygonal numbers li. 289 
Polyhedral angles, extension of xi. 21 to, 
HI. 310-1 

**Pons Asinorum^^ l. 415-6; Pont aux dnes^ 
ibid. 

Porism: two senses i. 13: (i)=corollary i. 
134, 278-9: as corollary to proposition 
precedes “q.e.d.” or “q.e.f.** ii. 8, 64: 
Porism to iv. 15 mentioned by Proclus 

II. 109; Porism to VI. 19, II. 234: inter- 
polated Porisms (corollaries) i. 6<>-r, 381 : 
(2) as used in Porisms of Euclid, distin- 
guished from theorems and problems l. 
10, 1 1 : account of the Porisms given by 
Pappus I. 10-13: modern restorations 
by Simson and Chasles i. 14: views of 
Heiberg i. ii, 14, and of Zeuthen 1. 15 

Porphyry 1. 17; commentary on Euclid i. 24: 

Symmikta I. 24, 34, 44: 1. 136, 277, 283, 287 
Poselger ill. 8 

Posidonius, the Stoic i. 20, 27, 28 39, 189, 

197 ; book directed against the Epicurean 
Zeno I. 34, 43; on parallels i. 40, 190: 
definition of figure i. 41, 183 
Postulate, distinguished from axiom, by 
Aristotle I. 118-9, Proclus (Geminus 
and “others”) i. 12 1-3; from hypothesis, 
by Aristotle I. 120-1, by Proclus I. 12 1-2; 
postulates in Archimedes i. 120, 123: 
Euclid’s view of, reconcileable with Aris- 
totle’s I. 119-20, 124; postulates do not 
confine us to ruler and compasses i. 124; 
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Postulates i, 2, significance of, i. 105-6; 
famous “Postulate”’ or “Axiom of Archi- 
medes” I. «34, in. 15-6 
Postulate 4; significance of, 1. 200: proofs 
of, resting on other postulates i. 200- 1, 
23 1 : converse true only when angles recti- 
lineal (Pappus) I. 201 

Postulate 5 ; probably due to Euclid himself 

I. 202 ; Proclus on, I. 202-3 : attempts to 
prove, Ptolemy i. 204-6, Proclus i. 206-8, 
Nasiraddln at-Tusi i. 208-10, Wallis i. 
2 10- 1, Saccheri i. 21 1-2, Lambert i. 212- 
3; substitutes for, “Playfair’s” axiom (in 
Proclus) I. 220, others by J^roclus i. 207, 
220, Posidonius and Geminus i. 220, Le- 
gendre I. 213, 214, 220, Wallis I. 220, 
Carnot, Laplace, Lorenz, W. Bolyai, Gauss, 
Worpitzky, Clairaut, Veronese, Ingrami i. 
220; Post. 5 proved from, and compared 
with, “ Playfair’s ” Axiom i. 313-4 : i. 30 
is logical equivalent of, i. 220 

Potts, Robert i. 112, 246 
Powers, R. E. ii. 426 
Prestet, Jean ii. 426 

Prime (number) : definition^ of, ii. 284-5 • 
Aristotle on two senses of “prime” i. 146, 

II. 285 ; 2 admitted as prime by Eucl. and 
Aristotle, but excluded by Nicomachus, 
Theon of Smyrna and lamblichus, who 
make prime a subdivision of odd ii. 284-5: 
“prime and incomposite (d<ri5>'<?eToj) ” ii. 
284; different names for prime, “odd- 
times ^d ” (Theon), “linear” (Theon), 
“rectilinear” (Thymaridas), “euthyme- 
tric” (lamblichus) li. 285 : prime atkso- 
lutely or in themselves as distinct from 
prime to one another (Theon) ii. 285 : defi- 
nitions of “prime to one another” ii. 285^ 

Principles, First, i. 117-24 
Prism, definition of, by Euclid IH. 261, 
by others ill. 268-9 : “ parallelepipedal 
prisms ” iii. 404 

Problem, distinguished from theorem i. 124- 
8 : problems classified according to number 
of solutions {a) one solution, ordered (re- 
rayfidpa) {d) a definite number, interme- 
diate (pAod) (c) an infinite number of solu- 
tions, unordered (dra/cra) i. 128: in widest 
sense anything propounded (possible or 
not) but generally a construction which is 
possible I. 128-9: another classification 
(i) problem in .excess (wXeovdl^oy), asking 
too much 1. 129, {%) deficient problem (AXt- 
wis Tp 6 p\rjfjia)t giving too little i. 129 
Proclus : details of career i. 29-30 : remarks 
on earlier commentators i. 19, 33, 45 : 
commentary on Eucl. i, sources of, i. 29- 
45, object and character of, i. 31-2 : com- 
men^y probably not continued, though 
continuation intended 3^-3 : books 
quoted by name in, i. 34: famous “sum- 
maiy” i. 37-8: list of writers quoted 
I. 44 : his own contributions i. 44-5 : 
character of ms. used by, i. 62, 63 : on 
the nature of elements and things elemen- 


tary i. 114-6 : on advantages of Euclid’s 
Elements ^ and their object i. 115-6: on 
first principles, hypotheses, postulates, 
axioms i. 12 1-4: on difficulties in three 
distinctions between postulates and axioms 
1. 123 : on theorems and problems i. 124-9: 
on formal divisions of proposition i. 129- 
31, II. 100 : attempt to prove Ppstulate 5, 
I. 206-8: commentary on Plato’s Republic ^ 
allusion in, to ‘‘side-” and “diagonal-” 
numbers in connexion with Eucl. ii. 9, 10, 

I. 399-400: on use of “ quindecagon ” for 
astronomy II. iii : i. 412, II. 4, 39, 40, 193, 
247, 269, III. 10, 264, 267, 273, 310, 441 

Rroo/ {dxoSci^ii), necessary part or proposi- 
tion I. 129-30 

Proportion ; complete theory applicable to 
incommensurables as well as commensur- 
ablesisdueto Eudoxus i. 137* 351,11* 112: 
old (Pythagorean) theory practically repre- 
sented by arithmetical theory of Eucl. vii., 

II. 1 13: in giving older theory as well 

Euclid simply followed tradition Ii. 113: 
Aristotle on general proof (new in his 
time) of theorem (alternando) in proportion 
ii. 1 13: X. 5 as connecting two theories 
II. 113 : De Morgan on extension of mean- 
ing of ratio to cover incommensurables il. 
118: power of incommensurable 

ratio is power of approximation without 
limit II. 1 19: interpolaced definitions of 
proportion as “sameness” or “similarity 
of ratios” ii. 119 : definition in v. Def. 5 
substituted for that of yii. Def. 20 because 
latter found inadequate, not vice versa li. 
121 : De Morgan’s defence of v. Def. 5 as 
necessary and sufficient ii. 122-4: V. Def. 
5 corresponds to Weierstrass’ conception 
of numl^r in general and to Dedekind’s 
theory of irrationals ii. .1 24-6 : alternatives 
for V. Def. 5 by a geometer-friend of Sac- 
cheri, by Faifofer, Ingrami, Veronese, 
Enriques and Amaldi 1 1. 126 : propor- 
tionals of VII. Def. 20 (numbers) a par- 
ticular case of those of v. Def^ 5 (Simson’s 
Props. C, D and notes) ii. 126-9, in. 25 ; 
proportion in three terms (Aristotle makes 
It four) the “least” ii. 131 : “continuous” 
proportion {owexh^ or avvfipLfJLiyri dvoKoyla, 
in Euclid dvdXoyor) ii. 131, 293: 
three “proportions’* ii. 292, but propor- 
tion par excellence or primary is continuous 
o^ geometric ii. 202-3 • “ discrete ” or 
“disjoined” {dijffntfjJviiitdiejleuyfUvrf) II. 131, 
293: “ordered” proportion (rtraypdpri)^ 
interpolated definition of, ii. 137: “per- 
turbed” proportion (Terapaynipri) II. 136, 
176-7: extensive use of proportions in 
Greek geometry ii. 187 : proportions enable 
any quadratic equation with real roots to 
be solved ii. 187 : supposed use of pro- 
positions of Book V. in arithmetical B^ks 
II. 314, 320 

Proposition, formal divisions of, i. 129-31 

Protarchus i. 5, iii. 512 
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Psellus, Michael, scholia by, i. 7^> 7*» ^34 

Psetuiaria of Euclid i. 7 : Pseudographemaia 

I. 7 «. 

Psendoboethius i. 92 

Ptolemy I.: i. i, 2: story of Euclid and 
Ptolemy l. i 

Ptolemy II. Philadelphus i. 20 
Ptolemy VII. (Euergetes II.), Physcon, i. 20 
Ptolemy, Claudius i. 21, 30 : Harmonica of, 

and commentary on, i. 17 : on Parallel- 
Postulate I. 28«., 34, 43. 45* attempt to 
prove it l. 204-6 : lemma about quadri- 
lateral in circle (Simson’s vi. Prop. D) 

II. 225-7 : II. Ill, 117. ”9 
Punch on Pons Asinorum i. 416 
Pyramid, definitions of, by Euclid ill. 261, 

by others iii. 268 

Pyramidal numbers ii. 290 : pyramids trun- 
cated, twice-truncated etc. ii. 2^1 
Pythagoras i. 4 , 36 : supposed discoverer 

of the irrational l. 351, 41 1, 412, of appli- 
ccUion of areas i. 343-4, of theorem of 
I* 47. I* 343-4, 350-4. 41 1 , 4 *^. of con- 
struction of five regular solids i. 413-4. 

: story of sacrifice i. 37, 343, 350: pro- 
file method of discovery of i. 47 and proof 
of, I* 35^“5J suggestions by Bretschneider 
and Hankel i. 354, by Zeuthen i. 355-6 : 
rule for forming right-angled triangles in 
rational numbers I. 351, 35^-9. 3^5* con- 
struction of figure equal to one and similar 
to another rectilineal fi^re ii. 254 ; intro- 
duced “the most perfect proportion in 
four terms and specially called * harmonic’ ” 
into Greece ll. 112 

Pythagoreans i. 19, 36, 155, 188,279, 41 1-4: 
term for surface i^9* angles of 

triangle equal to two right angles, theorem 
and proof l. 317-20: three polygons which 
in contact fill space round point i. 3*^. 

98 : method of application of areas (includ- 
ing exceeding and falling- short) i. 343, 

384, 403, II- 187, ^58-60, 263-5, 366-7 : 
gnomon Pythagorean i. 351 : rational 
and “ irrational diameter of 5” i. 399-400, 
413 : story of Pythagorean who, having di- 
vulged the irrational, perished by shipwreck 

1. 41 1, III. 1 : 7/5 as approximation to ^2, 

II. 1 19; approximation to \/2 by “side-” 
and “diagonal-” numbers i. 398-400, ill. 

2, 20 : proof of incommensurability of 

III. 2: construction of isosceles triangle of 
Eucl. IV. 10, and of regular pentagon, i. 
414, II. 97-8: possible method of discovery 
of Tatter II. 97~9J distinguished three sorts 
of meansy arithmetic, geometric and har- 
monic II. II3 : had theory of proportion 
applicable to commensurables only 11. 1 12 : 
construction of dodecahedron in sphere ii. 
97, and of other regular solids i. 413-4. m* 
438 : definitions of unit ii. 2.79, of even 
and odd li. 281 : called 10 “perfect” Ji. 294 

Qadizade ar-Rumi i. 5 90 

q.e!d. (or F.) I. 57 


al-Qifti I. 4//., 94 . , , 

Quadratic equations : solution assumed by 
Hippocrates i. 386-7 : geometrical solu- 
tion of particular quadratics i. 383-5, 
386-8: solution of general quadratic by 
means of proport ions 1 1. 187, 263-5, 266-7 : 
diopiofiSs or condition of possibility of solv- 
ing equation of Eucl. vi. 28, ii. 259 : one 
solution only given, for obvious reasons 
II. 260, 264, 267 : but method gives both 
roots if real II. 258 : exact correspondence 
of geometrical to algebraical solution, II. 
263-4, 2^-7 : indication that Greeks 
solved them numerically iii. 43-4 
Quadratrix l. 265-6, 330, 413 
Quadrature {T€Tpayujpi<rfi 6 s)t definitions of, 

I. 149 

Quadrilateral: varieties of, l. i83“9®’ 
scribing in circle of quadrilateral equi- 
angular to another ii. 91-2 : condition for 
inscribing circle in, ii. 93, 95 : quadri- 
lateral in circle, Ptolemy’s lemma (Simson’s 
VI. Prop. D) II. 225-7 • quadrilateral not 
a “polygon” ii. 239 

Quadrinomial (straight line), compound ir- 
rational (extension from binomial) III. 256 
“ Quindecagon” (fifteen -angled figure) ; use- 
ful for astronomy ii. iii 
Quintilian i. 333 

Qusta b. Luqa al-Ba*labakki, translator of 
“Books XIV, XV ” I. 76, 87, 88 

Radius, no Greek word for, i. 199, il* 2 
Ramus, Petrus (Pierre de la Ram^e) i. 104, 

II. 121 

Ratdolt, Erhard i. 78, 97 
Ratio: definition of, ii. 116-9, no sufficient 
ground for regarding it as spurious ii. 117, 
Barrow’s defence of it 1 1 . 1 1 7 : method of 
transition from arithmetical to more general 
sense Covering incommensurables ii. 118: 
means of expressing ratio of incommen- 
surables is by approximation to any degree 
of accuracy ii. 119: def. of greater ratio 
only one criterion (there are others) ii. 
130 : tests for greater, equal and less ratios 
mutually exclusive ii. 130-1 • 
greater ratio easier to apply than that for 
equal ratio ii. 129-30: arguments about 
greater and less ratios unsafe unless they 
go back to original definitions (Simson on 
V. 10) II. 156-7: compound 132-3, 
189-90, 234 : operation of compounding 
ratios ii. 234: “ratio compounded of their 
sides” (careless expression) ii. 248: dupli- 
catcy triplicate etc. ratio as distinct from 
doubUy triple etc. ii. 133: alternate ratio, 
alternando ii. 134: inverse TZ.\\Oy inversely 
II. 134: composition oi xsL\\Oy componendoy 
different from compounding ratios li. 1 34-5 : 
separation of ratio, separando (commonly 
dividendo) II. 135: conversion of ratio, 
convertendo ii. 135 : ratio, ex oequali ii. 
136, ex oequali in perturbed proportion ii. 
136: division of ratios used in P>ata as 
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general method alternative to compounding 
II. 949-50 : names for particular arith- 
metical ratios 11. 

Rational (^ i;tos): (of ratios) i. 137: “rational 
diameter of 5” i. 399-400, 413: rational right- 
angled triangles, right-angled triangles: 
anjf straight line may be taken as rational 
and the irrational is irrational in relation 
thereto lii. 10 : rational straight line is 
still rational if commensurable with rational 
straight line in square only (extension of 
meaning by Euclid) ill. 10, ij-12 
Rationalisation of fractions with denominator 
oiiorm a±>J B ox J A±sJ By iii. 143-51 
Rauchfuss, see Dasypodius 
Rausenberger, O. i. 157, 175, 313, in. 307, 

.S09 

ar-RizI, Abii Yusuf \aqub b. Muh. 1. 86 
Reciprocal or reciprocally-related figures : de- 
finition spurious II. 189 
Rectangle : = rectangular parallelogram i. 

370: “rectangle contained by” i. 370 
Rectilineal angle: definitions classified i. 
179-81 : rectilineal figure i. 187 : “recti- 
lineal segment” i. 196 
Redtutio ad absurdum i. 134: described by 
Aristotle and Proclus i. 136: synonyms 
for, in Aristotle i. 136: a variety of Analy- 
sis I. 140: by . exhaustion i. 185, 193: 
nominal avoidance of, i. 369; the only 
possible method of proving Eucl. ill, i, 
II. 8 

Reduction (Aira^wyi^), technical term, ex- 
plained by Aristotle and Proclus i. 135: 
first “reduction” of a difficult construction 
due to Hippocrates i. 135, ii. 133 
Regiomontanus (Johannes Muller of Kbnigs- 
berg) I. 93, 96, 100 
Reyher, Samuel i. 107 
Rhaeticus i. loi 
Rhind Papyrus i. 304, 351 
Rhomboid i. 61, 151, 189 
Rhombus i. 61, 15 1, meaning and derivation 

I. 189 

Riccardi, P. i. 96, in, 101 
Riemann, B. i. 119, 173, 174, 180 
Right angle: definition i. i8i : drawing 
straight line at right angles to another, 
Apollonius’ construction for, i. 270 ; con- 
struction when drawn at extremity of second 
line (Heron) i. 270 

Right-angled triangles, rational : rule for 
finding, by Pythagoras i. 356-9, by Plato 
I- 356, 357. 359. 360, 385, by Euclid III. 
63-4 : discovery of rules by means of 
gnomons I. 350-60 : connexion of rules 
with Eucl. II. 4, 8, I. 360: rational right- 
angled triangles in Apastamba i. 361, 363 
Roth I. 357-8 

Rouch^ and de Comberousse i. 313 
Rudd, Capt. Thos. i. no 
Ruellius, Joan. (Jean Ruel) i. 100 
“ Rule of three Eucl. vi. 12 equivalent to, 

II. 215 

Russell, Bertrand i. 227, 249 


Saccheri, Gerolamo i. 106, 144-5, 167-8, 
185-6, 194, 197-8, 200-1, II. 126, 130: 
proof of existence of fourth proportional by 
Eucl. VI. i, 2 and 12, ii. 170 
Sa*id b. Masud b. al-Qass i. 90 
^athapatha-Brahmana I. 362 
Savile, Henry 1. 105, 166, 245,250, 262, 11. 190 
Scalene {aKakrivos or o’xaXiyi'iJs) I. 187-8 : of 
numbers ( = odd) i. 188: a class of solid 
numbers ii. 290: of cone (Apollonius) 1. 188 
Schessler, Chr. i. 107 
Scheubel, Joan. i. 101, 107 
Schiaparelli, G. V. i. 163 
Schmidt, Max C. P. i. 304, 319 
Scholia to Elements and MSS. of, l. 64-74 : 
historical information in, i. 64: evidence 
in, as to text i. 64-5, 66-7 : sometimes in- 
terpolated in text. I. 67 : classes of, “Schol. 
Vat.” I, 65-9, “Schol. Vind.” I. 69-70, 
miscellaneous!. 71-4: “Schol. Vat.” partly 
derived from Pappus* commentary i. 66: 
many scholia partly extracted from Proclus 
on Bk. I., 1.66,69,72: many from Geminus 
solely I. 74: numerical illustrations in, 
in Greek and Arabic numerals i. 71, 
74 scholia by Psellus i. 70-1, b^ 
Maximus Planudes i. 72, Joannes Pediasi- 
mus i. 72-3 : scholia in Latin published by 
G. Valla, Commandinus, Conrad Dasypo- 
dius I. 73 : scholia on Eucl. Ii. 13, i. 407: 
Scholium iv. No. 2 ascribes Book iv. to 
Pythagoreans I. 414, ii. 97: Scholium v. 
No. I attributes Book V. to Eudoxus u. 1 12: 
Scholium X. No. i attributes discovery of 
irrational and incommensurable to Pytha- 
goreans HI. I : scholium published later 
by Heiberg attributes Scholium x. No. 62 
to Proclus I. 32 w. 

Scholiast to ClotiSs of Aristophanes ii. 99 
Schooten, Franz van I. 108 
Schopenhauer i. 227, 354 
Schotten, H. i. 167, 174, 179, 192-3, 202 
Schultze, A. and Sevenoak, F. L. iii. 284, 
303» 33» 

Schumacher i. 321 
Schur, F. i. 328 
Schweikart, F. K. i. 219 
Scipio Vegius i. 99 

Sectio Canonis attributed to Euclid I. 17, 
II. 295, III. 33 

.Section point section I. 170, 171, 

383 : “ section ” = “ golden section” q.v. 
Sector (of circle): explanation of name: two 
kinds (i) with vertex at centre, (2) with 
vertex at circumference ii. 5 
5’^r/<?r-like (figure) 11. 5: bisection of such a 
figure by straight line 11. 5 
Seelhoff, P. ii. 426 

Segment of circle: angle ofy i. 253, ii. 4: 

segments ii. 5: segment les§ than 
semicircle called i. 187 
Semicircle: i. 186: centre of, i. 186: angle 
ofy I. 182, 253, II. 4, 39-41 (see Angle): 
angle in semicircle a right angle, pre- 
Euclidean proof 11. 63 
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SeparcUion of ratio, Sialpeffis X670U, and 
separando (dceXdyrc) ii. 135: separando and 
compontndo used relatively to one another, 
not to original ratio ii. 168, 170 
Seqt I. 304 

Serenus of Antinoeia i. 203 
Serle, George i. no 
Servais, C. ii. 426 

Setting-out (iKde(ris)t one of formal divisions 
of a proposition i. 129 : may be omitted i. 

130 

Sexagesimal fractions in scholia i. 74 
Sextus Empiricus i. 62, 63, 184 
Shamsaddin as-Samarqandi i. 5 >f., 89 
“ Side-” and “diagonal-” numbers, described 
I, 398-400 : due to Pythagoreans i. 400, 
III. 2, 20 ; connexion with Eucl. ii. 9, 10, 
I. 398-400: use for approximation to ^2, 
I- 399 

“ Side of a medial minus a medial area ” (in 
Euclid “that which produces with a medial 
area a medial whole”), a compound ir- 
rational straight line : biquadratic of which 
it is a root iii. 7: denned iii. 165-6: 
uniquely formed in. 174-7 : equivalenc to 
square root of sixtA apotome iii. 209-11 
'*Side of a medial minus a rational area” (in 
Euclid “that which produces with a rational 
area a medial whole”), a compound ir- 
rational straight line : biquadratic of which 
it is a root ill. 7: defined ill. 164: 
uniquely formed ill. 173-4: equivalent to 
square root of fifth apotome iii. 206-8 
“ Side of a rational plus a medial area,” a 
compound irrational straight line : biquad- 
ratic equation of which it is a root III. 7: 
dehned ill. 88-9 : uniquely divided ill. 99 : 
equivalent to square root of fifth biftomial 
III. 84, 128-9 

“ Side of the sum of two medial areas,” a 
compound irrational straight line : biquad- 
ratic of which it is a root iii. 7: defined 
in. 89-91 ; uniquely divided ill. 99-101 : 
equivalent to square root of sixth binomial 
HI. 84, 130-1 

“ Side” used in translation of Book x. for ^ 
bwaiUvii (to xci’pfov), “side of a square 
equal to (the area)” iii. 13, 119 
Sides of plane and solid numbers, ii. 287-8 
Sigboto i. 94 

“Similar” (=equal) angles i. 182, 252 
“ Similarly inclined ” (ofplanes) ill. 2&, 265 
Similar plane and solid numbers i. 357, ii. 
293 : one mean between two similar plane 
numbers 11. 294, 37 1-2, two means between 
two similar solid numbers ii. 294, 373-5 
Similar rectilineal figures: def. of, given in 
Aristotle 11. 188: def. gives at once too 
little and too much ii. 188 : similar figures 
on straight lines which are proportional 
are themselves proportional and conversely 
(vi. 22), alternatives for proposition ii. 
242-7 

Similar segments of circles 11. 5 
Similar solids: definitions of, in. 261, 265-7 


Simon, Max i. 108, 155, 157-8, 167, 202, 
328, II. 124, 134 

Simplicius: commentary on Euclid i. 27-8 : 
on limes of Hippocrates i. 29, 35, 386-7 : . 
on Eudemus’ style i. 35, 38 : on parallels 
i. 190-1 : I. 22, 167, 171, 184, 185, 197, 
203, 223, 224, 413, III. 366 

Simpson, Thomas, ii. 121, in. 274 

Simson, Robert: on Euclid*s Porisms i. 14: 
on “vitiations” in Elements due to Theon 
1.46, 103, 104, 106, 111, 148: definition 
of plane i. 172-3 : Props. C, D (Bk. v.) 
connecting proportionals of vii. Def. 20 as 
particular case with those ofv. Def. 5, ii. 
126-9, *5* Axioms to Bk. v., ii. 137: 

Prop. B (inversion) ii. 144 : Prop. E (con- 
vertendo) ii. 175: shortens v. 8 by com- 
pressing two cases into one ii. 152-3 : 
important note showing flaw in v. 10 and 
giving alternative li. 156-7 : Bk. vi. 
Prop. A extending vi. 3 to case where 
external angle bisected ii. 197 : Props. B, 
C, D II. 222-7 : remarks on vi. 27-9, ii. 
258-9 : Prop. D, Book xi., iii. 345 : i. 185, 
186, 255, 259, 287, 293, 296, 322, 328, 
384, 387, 403, II. 2, 3, 8, 22, 23, 33, 34, 


37. 43» 49. 53. 70. 73. 79. 90. ”7. 131. 
132, 140, 143-4, 145. 146, 148, 154. 

162, 163, 165, 170-2, 177, 179, 180, 182, 
183, 184, 185, 186,189, 193, 195, 209,211, 
212, 230-1, 238, 252, 260, 270, 272-3, in. 
265, 266, 273-4, 275, 276, 286-7, *89, 295, 
301, 309. 3H. 3^1. 3*4. 3«7. 33'. 334. 
340, 341. 349. 351.359, 362, 375. 433. 434 
Sind b. All Abu ^t-Taiyib i. 86 
Size^ proper translation of TrriXiK&rris in V. 

Def. 3, II. 116-7, 189-^ 

Smith and Bryant, alternative proofs of v. 16, 
17, 18 by means of vi. i, where magnitudes 
are straight lines or rectilineal areas ii. 
165-6, 169, 173-4 • I- 404. ni. 268, 275, 
*84, 303, 307 

Smith, D. E. i. 362, 417 
Solid : definition of, in. 260, 262-3 : similar 
solids, definitions of, iii. 261, 265-7 • 
equal and similar solids, ibid. 

Solid angle : definitions of, in. 261, 267-8 : 
solid “angle” of “quarter of sphere,” of 
cone, or of half-cone in. 268 
“Solid loci” i. 329, 330; Solid Loci of 
Aristaeus i. 16, 329 

Solid numbers, three varieties according to 
relative lengths of sides n. 290-1 
“Solid problems” i. 329, 330 
Speusippus I. 125 
Sphaerica^ early treatise on, I. 17 
Sphere: definitions of, by Euclid III. 261, 
269, by others in. 269 
Spherical number, a particular species of cube 
number n. 291 

Spiral, “single-turn,” i. 122-3 «., 164-5: in 
Pappus = cylindrical helix i. 165 
Spiral of Archimedes i. 26, 267 
Spire (tore) or Spiric sutface i. 163, 170; 
varieties of, i. 163 
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Spiric curves or sections, discovered by 
Perseus i. i6i, 162-4 
Square number, product of equal numbers 
II. 289, 291 : one mean between square 
numbers 11. 294, 363-4 
Staudt, Ch. von iii. 276 
Steenstra, Pybo i. 109 
Steiner, Jakob i. 193 
Steinmetz, Moritz i. 10 1 
Steinschneider, M. I. 8 m., 76 sqq. 
Stephanus Gracilis i. 101-2 
Stephen Clericus i. 47 
Stevin, Simon iil. 8 
Stifel, Michael m. 8 
Stobaeus i. 3, ii. 280 

Stoic “ axioms” 1.41,221: illustrations {deiy- 
fxara) 1. 329 

Stolz, O. I. 328, III. i6 
Stone, E. i. 105 

Straight line: pre-Euclidean (Platonic) de- 
finition I. 165-6: Archimedes' assumption 
respecting, 1. 166: Euclid’s definition, inter- 
preted by Proclus and Simplicius i. 166-7 • 
language and construction of, i. 167, and 
conjecture as to origin i. 168 : other defi- 
nitions I. 168-9, in Heron i. 168, by Leib- 
niz I. 169, by Legendre i. 169 : two straight 
lines cannot enclose a space i. 195-6, can- 
not have a common segment i. 196-9, III. 
273: one or two cannot make a figure i. 
169, 183: division of straight line into any 
number of equal parts (an-Nair!zi) i. 326: 
straight line at right angles to plane, defi- 
nition of, III. 260, alternative constructions 
for. III. 293-4 
Stromer, Marten i. 113 
Studemund, W. i. 92 «. 

St Vincent, Gregory of, i. 401, 404 
Subduplicate of any ratio found by Eucl. vi. 
13, II. 216 

Subtend, meaning and construction I. 249, 
'283, 350 

Suidas I. 370, 413, III. 360, 438 
Sulaiman b. 'Usma (or ’Uqba) i. 85, 90 
Superposition: Euclid’s dislike of method 
of, I. 225, 249: apparently assumed by 
Aristotle as legitimate i. 226: used by 
Archimedes i. 225: objected to by Pele- 
tarius l, 249: no use theoretically, but 
merely furnishes practical test of equality 
I. 227 : Bertrand Russell on, i. 227, 
249 

Surface: Pythagorean term for, ypoi. 6 . (= co- 
lour, or skin) l. 169 : terms for, in Plato 
and Aristotle i. 169 : iirt<f>dv€t<i in Euclid 
(not iTrLiredov) 1. 169: alternative definition 
of, in Aristotle 1. 170: produced by motion 
of line 1. 1 70 : divisions or sections of solids 
are surfaces i. 170, 171: classifications of 
surfaces by Heron and Geminus i. 170: 
composite, incomposite, simple, mixed i. 
170: spiric surfaces I. 163, 170: homoeo- 
meric (uniform) surfaces i. 170: spheroids 
I. 170: plane surface, see plane: loci on 
surfaces i. 329, 330 
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Surface-loci of Euclid I. 15, i6, 330: Pappus’ 
lemmas on, i. 15, 16 

Suter, H. i. 8 m., 17 m., 18 m., 25//., 78//., 
85-90, III. 3 
Suvoroff, Pr. i. 113 
Swinden, J. H. van i. 169, ii. 188 
Sylvester, J. ii. 426 
Synthesis, see Analysis and Synthesis 
Syrianus I. 30, 44, 176, 178 

Tacquet, Andre i. 103, 105, iii, ii. 12 1, 258 
Taittiriya-Samhita i. 362 
Tannery, P. i. 7 m., 37-40, 44, i6o, 163, 221, 
223, 224, 225, 232, 305, 353, 412, 417, II. 
112, 113, III. I, 5 
Td’‘rikk al-Hukama i. 4M. 

Tart^lia, Niccolb 1. 3, 103, 106, ll. 2, 47 
Taurinus, F. A. I. 219 
Taurus i. 62, 184 

Taylor, H. M. i. 248, 377-8, 404* 22, 

^ 9 » 56, 75 » 244, 247, 272, III. 

268, 275, 303, 49^-2, 498 
Taylor, Th. i. 259 

Tetrahedron, regular: ii. 98: problem of in- 
scribing in given sphere, Euclid’s solution 
HI. 467-72, Pappus’ solution iii. 472-3 
Thabit b. Qurra, translator of Elements I. 42, 
75-80, 82, 84, 87, 94: proof of I. 47, 
I. 3<54-5 

Thales i. 36, 37, 185, 252, 253, 278, 317, 
318, 319, II* 111,280: on distmce of ship 
from shore l. 304-5 

Theaetetus i. i, 37: contributions, to theory 
of incommensurables iii. 3: Eucl. X. 9 
attributed to, ill. 3, 30: supposed to have 
discovered octahedron and icosahedron ill. 
438 : was the first to write a treatise on 
regular solids ill. 438: HI. 442 
Theodoras Antiochita i. 71 
Theodoras Cabasilas i. 72 
Theodoras of Gyrene: proved i^onimen- 
surability of V3» >/5 etc. up to \^i7, i. 411, 
412-3, HI. I, 2 
Theodorus Metochita, i. 3 
Theodosius ii. 37, m* 269, 366, 472 
Theognis i. 371 

Theon of Alexandria: edition of Elements 

I. 46: changes made by, i. 46: Simson 
on “ vitiations” by, i. 46; principles for 
detecting his alterations, by comparison 
of P, ancient papyri and “Theonine” Mss. 
I- 51-3* character of changes by, I. 54-8: 
interpolation in v. 13 and Porism ii. 144; 
interpolated Porism to VI. 20, ii. 239 : ad- 
ditions to VI. 33 (about sectors') ll. 274-6 : 

II. 43, 109, 1 17, 1 19, 149, 152, 161, 186, 

^90* ^34* *35* 2561 262, 31 1, 

3-22, 412 

Theon of Smyrna: I. 172, 357, 358, 371, 
398, II. Ill, 119, 279, 280, 281, 284, 285, 
286, 288, 289, 290, 291, 292, 293, 294, 
425, III. 2, 263, 273 

Theorem and problem, distinguished by 
Speusippus I. 125, Amphinomus i. 125, 
128, Menaechmus 1. 125, 2 ^nodotus, Posi- 


H. E. III. 


35 
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donius 1. 116, Euclid i. ia6, Carpus i* n 7 » 
12S: views of Proclus i. 117-8, and of 
Geminus i. 118: “general” and “not* 
general” (or partial) theorems (Proclus) 

Theudius of Magnesia i. 117 
Thibaut, B. F. 

Thibaut, C. : On Sulvasutras i. 360, 3 ^ 3“4 
Thompson, Thomas Perronet i. in 
Thrasyllus li. 191 
Thucydides i. 333 
Thymaridas ii. 279, 285 
Tibbon, Moses b. i. 76 
Timaeus of Plato r. 413-4* 97 *" 8 , 294-5, 

263 

Tiraboschi i. 94 

Tittel, K. I. .38, 39 , , , 

Todhunter, L i. 112, 189, 240, 258, 277, 
283, 293, 298, 307, II. 3, 7 * 49 * 5 '. 5 ^» 

67* 73 * 90* 99 » * 7 ^* * 95 * ^<>2. ^© 4 * ^o8, 
259, 271, 272, 300 
Tonstall, Cuthbert i. 100 
Tore I. 163 

Transformation of areas i. 346-7, 410 
Trapezium: Euclid’s definition his own i. 
189: further division into trapezia and 
trapezoids (Posidonius, Heron) I. 189-90: 
a theorem on area of parallel-trapezium i. 
338-9: name applied to truncated pyramidal 
numbers (Thcon of Smyrna) ii. 291 
Treasury of Analysis (AvoXv^/iei'of tAjtos) I. 8, 
10, n, 138 

Trendelenburg, F. A. i. 146 148, 149 
Treutlein, P. i. 358-60 
Triangle: seven species of, i. 188: “four- 
sided” triangle, called also “barb-like” 
((bct 3 o€t 3 ^s) and (by Zenodorus) KOi\oy{j>v(.op 
I. 27, i88 : construction of isosceles and 
scalene triangles i. 243: Heron’s proof 
of expression for area in terms of sides, 
»Js{s-a) {s-b) {s-c), II. 87-8: right- 
angled triangle which is half of equilateral 
triangle used for construction of tetrahe- 
dron, octahedron and icosahedron (Timaeus 
of Plato) II. 98 
Triangular numbers ll. 289 
Trihedral angles: conditions of equality iii. 
31 1-2: symmetrical trihedral angles ill. 
312 

TVimedial (straight line), first and second, 
corresponding to himedial in. 257-8 
Trinomial (straight line), extension from bi- 
nomial III. 250 

Triplicate^ distinct from triple^ ratio ll. 133 
Trisection of an angle i. 265-7 
at-TusI, see Na$lraddln 

Unger, E. S. i. 108, 

Unit: definitions of, by Thymaridas, “some 
I^thagoreans,” Chrysippus, Aristotle and 
others ii. 279: Euclid^s definition that of 
the “more recent” writers ii. 270: 
connected etymologically by Tneon of 


Smyrna and Nicomachus with n 6 vo$ (soli- 
tary) or fiorli (rest) il. 279 
Vacca, Giovanni i. 113 
Vachtchenko-Zakhartchenko i. 113 

Vailati, G. I. 144 «•» ^45 
Valerius Maximus i. 3 
Valla, G., De expetendis et fugiendis rebus 
I. 73, 98 

Van Swinden, J. H. i. 169, ii. 188 
Vatican MS. 190 (P) i- 4 ^* 47 
Vaux, Carra de, i. 20 
Verona palimpsest i. 91 
Veronese, G. I. 157. 168, I 75 * i8o» i 93 - 4 > 
195, 201, 226-7, 228, 249, 328, II. 30, 126 
Vertical (angles) I. 278 
Vettius Valens III. 3 
Viennese ms. (V) i. 48, 49 
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